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The overall objective of the present study was to evaluate the effectiveness of 
using a variety of hydrophobic biopolymers and hydrophobic biopolymer-coated sands as 
technically and economically feasible in-situ sediment amendments or alternative 
capping materials on a laboratory scale. Cutin from tomato peels, cellulolytic enzyme 
lignin from sitka spruce chips, and keratin azure from commercially dyed sheeps wool 
were isolated, prepared, tested, and evaluated as feasible hydrophobic biopolymers for 
the removal of selected Polycyclic Aromatic Hydrocarbons (PAHs). Testing included 
chemical and physical characterization, as well as the measurement of kinetics and 
 vii 
equilibrium sorption parameters for the sorbates naphthalene, phenanthrene, and pyrene 
as model hydrophobic organic contaminants. Tomato peel cutin exhibited the largest 
overall affinity for PAHs, however, keratin azure was selected for further evaluation as 
the most feasible material due to its low preparation cost.  
 
Amendment of industrial sand with a stable, uniform, cross-linked keratin azure 
derivative was achieved to produce hydrophobic biopolymer-coated sand products 
containing zero, moderate, and high mass fractions of sand. Chemical and physical 
material parameters, as well as kinetics and equilibrium sorption parameters for the 
sorbates naphthalene, phenanthrene, and pyrene, were then obtained for the coated sand 
products. This allowed simple finite difference modeling of PAH fate and transport 
through a thin cap comprised of the same, insight into the specific sorption mechanisms 
involved, and information which could prove useful in predicting potential of keratin 
products to provide a suitable capping material. Conclusions and recommendations for 
future research focus on the technical and economical feasibility of the prepared 
hydrophobic biopolymers and hydrophobic biopolymer-coated sand products as capping 
or in-situ sediment amendments.  
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Chapter 1: Introduction 
 
Sediment contamination in coastal and inland waterways remains a major human 
health and ecological concern in the United States. Approximately ten percent of the 
sediments underlying the nation’s waterways have been found or estimated to be 
contaminated with metals and other toxic pollutants at levels that pose significant risk to 
aquatic organisms as well as wildlife and humans that consume such affected organisms. 
Drinking water sources and local economies that rely on such waterways for recreation 
and tourism are also affected (1). Sources of contamination may include municipal and 
industrial discharges, agricultural and urban runoff, and mine drainage, among others.  
 
Among the myriad of compounds of concern to remediation efforts are 
Hydrophobic Organic Compounds (HOCs). Of particular interest to the present study are 
Polycyclic Aromatic Hydrocarbons (PAHs). Pollutants of this nature tend to be less 
bioaccumulative and recalcitrant than others such as heavy metals. However, PAHs 
remain difficult to remove due to their very strong affinity for the solid phase. 
Consequently, PAHs may remain in sediments at concentrations far above ambient 
concentrations for decades. Conventional treatment of sediments contaminated with 
PAHs in such environments typically includes one or more of the following:  
 Monitored natural attenuation including abiotic or biotic fate processes 
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 In-situ treatment or containment through capping  
 Physical removal by dredging followed by ex-situ remediation and/or disposal  
 
Abiotic or biotic processes generally take advantage of microbial and/or chemical 
metabolism to reduce, eliminate, or transform contaminants in sediment to less toxic 
levels or less mobile forms.  The contaminant(s) of concern must be chemically and/or 
biologically available, and the environmental conditions must encourage the contaminant 
transformations without harming the ecosystem or destroying the water body’s value as a 
resource. Along with monitored natural attenuation, these processes are largely 
ineffective and unproven in cases where contaminants are strongly sorbed to the solid 
phase, such as with PAHs and other HOCs.  
 
In-situ treatment is also difficult since chemical and biological reagents are often 
difficult to place and contain, and delivery of amendments often requires an annihilation 
of the benthic environment, compromising the typical advantages of an in-situ 
technology. Moreover, dredging is usually discouraged in areas where contamination is 
less localized due to its cost, tendency to re-suspend contaminated sediments, inherent 
difficulties in residuals management, disposal limitations, difficulty in differentiating 
between uncontaminated and contaminated areas, and its impact to the landscape and 
aquatic ecosystem for long periods of time following cleanup. For these reasons, in-situ 
capping remains a feasible and appropriate remedial option, and is implemented at 
demonstration or full-scale at more than 100 contaminated sites nationally and globally.  
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1.1 OBJECTIVES OF THE PRESENT STUDY  
 
The present study seeks to investigate the effectiveness of using a variety of 
hydrophobic biopolymers and hydrophobic biopolymer-coated sands as technically and 
economically feasible capping materials for the removal of HOCs. The materials could 
also be employed as in-situ treatment approaches if the disruption of amendment delivery 
is acceptable. More specifically, the present study aims to achieve the following 
objectives: 
 Isolate and prepare a number of low-cost hydrophobic biopolymers with an 
estimated larger sorption capacity for HOCs than conventional biopolymer 
products  
 Chemically characterize the prepared hydrophobic biopolymers to make sure that 
the materials have similar organic carbon content and approximately the same 
ratios of hydrophobic to hydrophilic carbon regions as analogous materials 
obtained for this research and characterized in literature 
 Obtain batch kinetics and equilibrium sorption data for selected PAHs onto the 
prepared hydrophobic biopolymers  
 Using a decision matrix, select the most promising and cost feasible hydrophobic 
biopolymer for further investigation as a sorptive coating on sand particles. 
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 Produce a stable, uniform, cross-linked hydrophobic biopolymer coating on sand 
particles using the chosen hydrophobic biopolymer to yield hydrophobic 
biopolymer-coated sand products containing approximately zero percent (w/w), 
15 percent (w/w), and 85 percent (w/w) sand/biopolymer concentrations  
 Obtain chemical and physical parameters of the prepared hydrophobic 
biopolymer-coated sand products that, along with sorption data, will allow simple 
modeling of cap performance using the same 
 Obtain batch kinetics and equilibrium sorption data for selected PAHs onto the 
prepared hydrophobic biopolymer-coated sand products 
 Prepare a number of mixtures of conventional biopolymer products and active 
capping materials  
 Obtain batch kinetics and equilibrium sorption data for selected PAHs onto the 
prepared conventional biopolymer products and active capping materials  
 Compare sorption capacities of hydrophobic biopolymers and hydrophobic 
biopolymer-coated sand products to conventional biopolymer products and active 
capping materials  
 Model the overall effectiveness of a simple capping system comprised of the 
prepared hydrophobic biopolymer-coated sand products in removing selected 
PAHs from contaminated sediment using numerical column studies 
 Form conclusions and develop recommendations on the technical and economical 
feasibility of the prepared hydrophobic biopolymers and hydrophobic 
biopolymer-coated sand products as capping materials in industry 
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It may be noted that the nature of the present study is largely first-stage concept 
development using a broad range of hydrophobic biopolymers. Optimization of any or all 
process parameters and composition of hydrophobic biopolymer-coated sand products is 
not emphasized and is beyond the scope of the present study.  
 
1.2 A BRIEF INTRODUCTION TO SEDIMENT CAPPING 
 
Capping generally consists of placing one or more layers of clean, granular 
material over a contaminated sediment layer and may be classified as either passive or 
active. Figure 1.1 illustrates the typical components of a cap. In cases where upwelling 
velocity is low, contaminants are strongly sorbed to the solid phase, and hydraulic 
erosion is controllable, passive capping using largely insert and nonsorbing materials 
such as sand is most often used to achieve one or more of the following:  
 Physical containment of underlying contaminated sediment  
 Separation of the contaminants from biota at the sediment-water interface  
 Shift of certain oxidation-reduction zones above the contaminated layer  
 Isolation of the chemical contaminants from the overlying water  




Figure 1.1: Capping Layers (2) 
 
Active capping is the use of amendments to improve the performance of a cap 
through one or more of the following pathways:  
 Encouragement of fate processes such as sequestration or degradation of 
contaminants beneath cap  
 Increase of permeability control  
 Increase of contaminant migration control (i.e. through sorption) 
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The most common material used for passive capping is sand, due to its low cost, 
high availability, and ease of placement. Active caps may include passive materials as 
well as active materials such as activated carbon, apatite, coke, organoclay, zero-valent 
iron, nanomaterials, oxygen or hydrogen releasing compounds, and/or biopolymers. In 
most cases, active capping is accomplished through the use of amendments to aid 
sorption or removal of contaminants from the mobile (interstitial water) phase. The 
amendments evaluated herein are focused solely on enhancing the sorption capacity of 
capping materials.  
 
1.3 FEASIBILITY AND PERFORMANCE GOALS OF CAPPING MATERIALS 
 
In order for the present study to be useful to industry, biopolymer products must 
be more feasible for implementation at contaminated sites than current, conventional 
capping materials. In the present study, a Capping Material A is defined as more feasible 
than a conventional Capping Material B if it removes (via sorption) more mass of 
contaminant per unit cost of material than Capping Material B. In other words, Capping 
Material A must have a lower unit contaminant removal cost than Capping Material B, 
where unit contaminant removal cost is defined as the cost per unit mass of sediment to 
reduce the sediment concentration to the desired amount. Unit contaminant removal cost 
may be reduced by decreasing the bulk material cost of the capping material, increasing 
sorptive capacity of the capping material, or both.  
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The bulk material cost may vary according to availability of raw materials and/or 
the presence of existing commercial infrastructure for production and transport. The true 
cost of using a certain capping material at any site may include costs in addition to bulk 
material cost, such as labor, equipment, and transportation to place the materials. In 
addition, secondary amendments or geotextiles are often required to hold in place, 
protect, or otherwise assist in implementing expensive or low-specific weight 
amendments, which also adds to total cost. Albeit these complexities associated with 
capping present a large degree of uncertainty in defining feasibility on a non site-specific 
basis, a general estimate of relative feasibility may be obtained for the sorbing 
amendments of interest here by comparing unit contaminant removal costs between 
capping materials.  
 
Figure 1.2 presents relative orders of magnitudes of the overall solid-water 
partitioning coefficient, KD, values for conventional capping materials. In Figure 1.2, KOC 
is not material specific, and represents the equilibrium partitioning coefficient of the 
compound to natural organic matter in liters per kilogram. Also in Figure 1.2, fOC is the 
fraction of organic carbon in the material.  
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Figure 1.2: Relative Partitioning Coefficient Values (KD values) of Various Capping 
Amendments (2) 
 
For materials with organic carbon types very similar to natural organic matter, KD 
is approximated by fOCKOC. For amendments which contain organic carbon types that are 
substantially more efficient or less efficient than natural organic carbon, the overall solid-
water partitioning coefficient, KD, may not be approximated by fOCKOC. As detailed later 
in this document, however, normalization of KD by fOC can still be used to obtain a 
material-specific “KOC” value for comparison to the non specific KOC value when 
determining the relative efficiency of the organic carbon present in the material.  
 
As may be inferred from Figure 1.2, any alternative capping material would have 
to achieve a very high KD value to compete with Activated Carbon (AC) or organoclay 
solely on the basis of sorptive capacity. It is thus reasonable to expect that the cost of the 
biopolymer products must be made as low as possible (i.e., by amending biopolymers 
with sand) to compensate for the lower sorptive capacity per mass of material.  
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Consider the closed system described in Figure 1.3, where an initially clean 
capping material is allowed to approach equilibrium with a contaminated sediment and 
overlying water. Also let KD,sed represent the overall solid-water partitioning coefficient 
for the sediment and KD,cap represent the overall solid-water partitioning coefficient for 
the capping material. Assuming KD,sed is less than KD,cap, the mass of capping material 
required to remove a given fraction of the total contaminant mass from the sediment may 
be estimated from Equation 1.1, where Mcap is the mass of capping material, Msed is the 
mass of contaminated sediment, Wsed,init is the initial solid concentration of contaminant 




Figure 1.3: Example System 
 
          
      
      
  
         
        
    
Equation 1.1: Removal Relationship 
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The mass may be converted to cost by assuming a unit cost of the capping 
material as shown in Equation 1.2, where UCT is the total unit cost and UCcap is the unit 
capping material cost in any appropriate cost units. It is appropriate to note here, 
however, that UCcap may depend on Mcap (economy of scale exists). In such a case, an 
alternative relationship may be required for conversion to cost.    
 
                
Equation 1.2: Conversion to Cost 
 
Equations 1.1 and 1.2 are not without uncertainty, however. Equation 1.1 assumes 
that the porewater concentration is continuous from sediment to cap, and that the system 
is well-mixed. In a more realistic system, the assumption that the system is well-mixed 
may not be valid. A cap may only remove contaminants that migrate from the sediment 
up through a cap. “Removal,” as it is used in this document, is relative to the contaminant 
concentration in the sediment. The mass of contaminant in the entire system remains 
constant if no other fate processes are present. In other words, the contaminants are 
sequestered, or immobilized in the cap, and are not completely removed from the overall 
system, as depicted in Figure 1.3. Considering these factors, an alternative to Equations 
1.1 and 1.2 may be more useful in some cases. For example, comparison of relative 
feasibility of capping materials may be made simply by multiplying KD by UCcap to 
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obtain a pseudo-total unit cost factor. The resulting values would have little physical 
significance, but would serve as a suitable method of comparison. 
 
Figure 1.4 presents solutions to Equations 1.1 and 1.2 for various unit costs 
typical of conventional materials. These unit costs, as well as the KDs are assumed for 
illustrative purposes and actual values may vary.  
 
 
Figure 1.4: Comparative Cost of Various Capping Materials Used to Remove 90 Percent 





















Cost of Capping Material Required 





Activated Carbon (log(KD) = 6.15, cost = $6.61 per kilogram)
Clean Sediment (log (KD) = 2.15, cost =  
$0.01875 per kilogram) 
Organoclay (log (KD) = 4.83, cost = $4.41 per kilogram) 
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By choosing a maximum allowable cost per kg of sediment, one can get an 
estimate of the approximate cost and KD value required to compete with conventional 
capping materials such as AC, organoclay, and sand. For example, consider a 
hydrophobic biopolymer-coated sand with a log(KD) value of 4.25 log(liters per 
kilogram) for phenanthrene, which is approximately equal to  that of bulk, unmodified 
cutin. Such a material would be more feasible than organoclay (log (KD) = 4.83, cost = 
$4.41 per kilogram) if the unit cost was approximately $1.10 per kilogram, in terms of 
total cost required to remove the contaminant.  
 
1.4 CHALLENGES OF USING CONVENTIONAL BIOPOLYMERS FOR THE REMOVAL OF 
HOCS FROM CONTAMINATED SEDIMENTS  
 
Hydrophilic biopolymers such as chitins and gums have been investigated in the 
laboratory for their potential use in active capping applications (3, 4). Recent 
advancements in biomaterial technology have found that alginate and chitosan in 
particular have enormous potential as matrices for environmental applications because of 
their high biocompatibility, strong gel-forming tendencies, metal chelation and 
complexation capabilities, and versatility (5, 6). Chitosan and alginate have been applied 
extensively for heavy metal removal from aqueous solution (7-10). There are a number of 
drawbacks, however, associated with using hydrophilic biopolymers for sequestering 
hydrophobic contaminants. A first is instability in water at pH values not uncommon to 
the natural environment. A second is their very high bioavailability and susceptibility to 
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biotic degradation. Most important to the subject of the present study, however, is 
sorption capacity. The highly polar, polyhydroxyl structures of hydrophilic biopolymers 
offer a large number of H-bonding sites which produce a high affinity for water, limiting 
the accessibility of PAHs to internal hydrophobic domains (11, 12). Table 1.1 presents 
equilibrium sorption coefficients for phenanthrene and pyrene obtained from (3, 4) onto a 
clean, carbonate industrial sand, as well as the same sand amended with hydrophilic 
chitins and gums, and acid-washed sand amended with hydrophilic chitins and gums. 
Table 1.2 presents a description of the compositions of sand, sand amended with 
hydrophilic chitins and gums, and acid-washed sand amended with hydrophilic chitins 
and gums included in Table 1.1. 
 
Table 1.1: Sorption of HOCs to Sand, Sand Amended with Hydrophilic Chitins and 
Gums, and Acid-Washed Sand Amended with Hydrophilic Chitins and 
Gums (3, 4) 
Material 
Equilibrium Sorption Coefficient, KD (liters per kilogram) 
Phenanthrene Pyrene 
   
Sand 3.19 27.01 
CGB3 40.64 118.3 
XCc 12.8 106.7 
CGB3, Acid-Washed ~2.5 ~11.0 





Table 1.2: Description of Sand, Sand Amended with Hydrophilic Chitins and Gums, and 
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The equilibrium sorption coefficients are substantially lower for the acid-washed 
sand mixtures when contrasted to the sand mixtures. This reduction in capacity may be 
mostly attributed to the removal of residual organic matter during the acid-washing 
process. All sands and coated sands exhibit poor sorption ability. Moreover, based on the 
fraction organic carbon measurements, each of the hydrophilic biopolymer products 
studied by (3, 4) are less efficient at sorbing HOCs than natural organic matter.  
 
Although the mechanisms which decrease the sorption capacity of such 
biopolymers for hydrophobic, polyaromatic solutes may seem obvious, an increasing 
number of studies have shown that organic matter polarity is not necessarily the only 
dominating factor controlling sorption of HOCs. For example, a high correlation of 
aromatic moieties to the fraction of organic carbon-normalized KD value, KOC, has been 
widely observed for the sorption of aromatic HOCs to aromatic-rich organic matter, and 
is expected to be due to specific п-п interactions (13-15). 
 
Other studies have observed a high correlation of both specific and non-specific 
HOC sorption to alkyl-C content in aliphatic-rich organic matter (16, 17). Consequently, 
generalized correlations for HOC sorption to alkyl-C content, aromatic content, or 
polarity have been strongly debated for the complex and highly varied forms of organic 
matter present in the environment. It is now generally suggested that any combination of 
specific and non-specific mechanisms may dominate sorption for any type of organic 
sorbent. Additionally, the hypothesis that sorbents may have a large abundance of polar-
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C and still exhibit a high affinity for nonpolar solutes is becoming increasingly accepted 
on the basis that polar-C is not always available. 
 
The roles of physical and chemical characteristics such as polarity, structure, and 
domain spatial arrangement on sorption of polyaromatic HOCs onto biopolymers are 
extensively discussed in (15-24), and generally conclude that KOC values cannot be 
explained by polarity alone. Ideally, the arrangement and spatial positions of domains 
with high affinity for hydrophobic, polyaromatic solutes (i.e., alkyl-C and aromatic-C) as 
well as moieties with low affinity (i.e., alkyl-O and carbohydrate) must be positioned 
such that competition with polar, hydrophilic species such as water molecules is reduced.  
 
Figure 1.5 illustrates the importance of chemical structure to sorption. Consider 
for comparison the structure of chitosan, alginate, guar gum, and xanthan gum presented 
in Figure 1.6, Figure 1.7, Figure 1.8, and Figure 1.9, respectively. In general, chitin is 
characterized by an amine functional group, while gums are composed of a variety of 
sugars and sugar derivatives. 
 
As shown in the Figures 1.6 through 1.9, chitosan, alginate, guar gum, and 
xanthan gum have aliphatic domains characterized mostly by highly polar C and alkyl-O 
moieties in contrast to nonpolar, hydrophobic alkyl-C moieties. Such structures are not 








Figure 1.6: Chemical Structure of Chitosan (25) 
 
 




Figure 1.8: Chemical Structure of Guar Gum (25) 
 
 
Figure 1.9: Chemical Structure of Xanthan Gum (25) 
 
1.5 RATIONALE FOR THE PRESENT STUDY 
 
Given the above discussion, investigation of a number of hydrophobic coatings on 
sand grains rather than hydrophilic coatings is necessary to explore the full potential of 
biopolymers as a low-cost, sorptive, and protective coating on conventional capping 
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amendments. To reiterate the rationale of amending capping materials using biopolymers, 
the following main advantages of coating materials are presented: 
 Greater resistance of the desired amendment to variable flow, chemical 
composition, and environmental conditions typical to that of riverine surface 
environments 
 Increased manageability of small-sized, high cost, or low specific-weight 
amendments during delivery, placement, and containment 
 Increased overall surface area and sorption capacity of less-sorbing materials such 
as sand 
 
Other advantages become apparent from the added versatility of immobilizing 
amendments in a biopolymer matrix. If left uncross-linked, the amendment-biopolymer 
composite may be introduced to a contaminated area via tremmie tubes suspended from 
floating barges. Increased throw mass and protection of amendments has also merited 
potential integration with water-jet injection technologies (26), which would allow 
injection of an amendment deep into sediment without destroying the amendment or large 
areas of the benthic or surficial environment. In dried, granular form, amendment-
biopolymer composites may be placed in a conventional manner such as with a 
mechanical mixer, bucket or agricultural spreader attached to a floating barge, or between 
layers of geotextiles.  
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1.6 THREE POTENTIAL HYDROPHOBIC BIOPOLYMERS FOR INVESTIGATION IN THE 
PRESENT STUDY 
 
Alternative biopolymers to chitins and gums (also known as “hydrocolloids”) 
include starches, lignins, celluloses, peptins, hemicelluloses, proteins such as keratin, 
lipids, and cuticular materials such as suberins and cutins. Cellulose has been investigated 
by (27) as a potential sorbent for PAHs, and has been found to be roughly similar to 
chitins in both structural limitations and sorptive capacity for HOCs. However, the ability 
of plant cuticular materials and natural lignins to sorb a significant amount of 
hydrophobic organic pollutants has recently been demonstrated (15-24, 28-31). In 
cuticular materials, a significant impact on this sorbing ability is the presence of both 
crystalline and amorphous aliphatic regions. In lignins, sorption is mostly attributed to 
specific interactions with condensed, aromatic domains. The condensed lignin and long-
chain cuticular material structures are also highly recalcitrant, which increases the 
potential for their use as capping materials. In the case of lignins, the highly aromatic-C, 
glassy structure with highly condensed hydrophobic domains mostly exhibit non-linear, 
Langmuir-type sorption of HOCs, contrasted to linear sorption typically associated with 
cutin’s “rubbery” long-chain domains. 
 
Unfortunately, cuticular plant biopolymers are not readily available commercially, 
but may be potentially available in the future from sustainable produce waste products 
using relatively simple and low cost production methods. Hydrophobic lignin products 
from organic biomass-to-energy and organic pulping processes have been commercially 
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available in the past, but have not been on the market since the dissolution of a company 
around the year 2007 that produced an organosolv pulping product, Alcell® lignin.  The 
technology is currently owned by Lignol, who has developed a number of innovative 
applications for the process which are still in the pilot stages. Below is an excerpt from an 
email sent to the author in response to a request for hydrophobic lignin products from 
Lignol for testing, and illustrates the current state of availability of those products (32): 
 
…The organosolv lignin that you refer to was probably Alcell 
lignin that was made by an organosolv process (the Alcell 
Process) pioneered in the pulp and paper industry in the mid to 
late 1990's - this product was a highly hydrophobic material.  It 
was commercially available at that time, but after the owner of 
the process went out of business, the technology was sold to our 
company, Lignol. We have continued development as part of an 
integrated biorefining process that produces cellulosic ethanol 
and biochemicals from biomass- an improved type of organosolv 
lignin, which we call HP-L Lignin is one of the proprietary 
products of Lignol's process.  We have developed a number of 
applications for the material and we work with partners under 
Joint Development Agreements to tailor HP-L Lignin for specific 




Conversely, less hydrophobic lignin products are widely commercially available 
in various forms from industrial pulping waste. The sorption capacity of these lignins has 
recently been shown to be rather minute for HOCs, however. Two good examples are 
kraft lignin and lignosulphonates, which are discussed further in later sections. 
Lignosulphonates are usually water-soluble, and are too polar for effective removal of 
HOCs. Kraft lignin is often water insoluble, but has a highly modified structure with 
relatively low accessibility for HOCs. This modification is due to exposure to strong 
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alkalis and bleaching chemicals in the pulping and kraft lignin recovery process. A good 
example of this phenomenon may be apparent from a study performed by (33), where 
water insoluble kraft lignin derived from softwood (spruce) and hardwood (birch) 
coniferous trees using the Lignoboost process (STFI-Packforsk) was mixed with fine clay 
sediment and added as a thin (two millimeter) cap to the surface of sediment 
contaminated with Polychlorinated BiPhenols (PCBs). Polychaete worms (Hediste Nereis 
diversicolor) were added for bioturbation and blue mussels (Mytilus edulis) were added 
to the water column. Results showed that compared to controls, PCB uptake by the blue 
mussels was decreased by 34 percent with sediment clay only, 50 percent with softwood 
kraft lignin and sediment clay, 77 percent with hardwood kraft lignin and sediment clay, 
and 90 percent with activated carbon and sediment clay. Normalization to fraction 
organic carbon values revealed that the kraft lignins used were as effective as activated 
carbon at removing PCBs, which shows the type of carbon to be promising.   
 
Although the use of plant biopolymers is limited due to the aforementioned 
availability issues, biopolymers from animals may not be limited in terms of availability. 
For example, keratin is a highly hydrophobic protein found in animals that is widely 
commercially available as wool waste from the textile industry. Moreover, keratin may 
conceivably become widely available in the future from feather waste produced by large-
scale poultry processing plants. The price for wool keratin for laboratory use is 
approximately $115 USD per five grams (Keratin Azure, Sigma-Aldrich, March 2010), 
which is still too high for use in active capping. The price of bulk feather keratin is 
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unknown, for obvious reasons. The high price of keratin may in large part be due to the 
lack of bulk production. However, if a market becomes available for bulk keratin in the 
future for active capping, keratin prices might decrease if production increases. Literature 
estimates for the sorption capacity of PAHs onto keratin are unavailable to the author’s 
knowledge, however it is expected that sorption capacity may be analogous to or higher 
than that of cutins and lignins due to the highly hydrophobic nature of keratin.  
 
In light of the previous discussion, three hydrophobic biopolymer materials were 
chosen for investigation in the present study: cutin from tomato peels, cellulolytic 
enzyme lignin from sitka spruce chips, and keratin azure from sheep’s wool dyed with 
Remazol Brilliant Blue R (Reactive Blue 19). More advantages and disadvantages of 
using keratin, as well as cutin and lignin, are explained in the following sections detailing 
the chemistry of cutin, lignin, and keratin. 
 
1.7 ORGANIZATION OF THESIS 
 
 In Chapter 2, the chemistry and sources of the three selected biopolymers are  
discussed in detail. In Chapter 3, materials used in the present study and methods used to 
obtain them are presented. Chapter 4 includes results and discussion, and Chapter 5 




Chapter 2: Occurrence, Uses, and Chemistry of Selected Hydrophobic 
Biopolymers  
 
Modification to the chemical and physical properties of biopolymers desired for 
effective removal of HOCs is often unavoidable during their preparation for use as 
coatings on sand grains. Such modifications may include additional or altered functional 
groups due to the cleavage of chemical bonds, altered accessibility to polar or sorptive 
sites due to condensation or expansion of molecular linkages, changes in molecular 
weight, and/or the addition of byproducts or impurities.  
 
In order to minimize modifications which may decrease the chemical, biological, 
or physical stability of the biopolymers, as well as decrease their sorption capacity for 
HOCs, a thorough understanding of the differences (if any) between biomaterials isolated 
from various sources is required so that suitable sources of raw or native biomaterials 
may be chosen. Furthermore, the most appropriate methods for preparing hydrophobic 
biopolymer products from those raw biomaterials must be identified. More specifically, 
consideration must be given to the many physical and chemical reaction mechanisms 
through which the following may be achieved:  
 Preprocessing of raw or native biomaterial sources, which may include 
mechanical degradation of the sample via milling or grinding to decrease mass 
transfer limitations on chemical liberation and extraction 
 Isolation and removal of the desired hydrophobic biopolymer from the 
biomaterial source. This typically includes chemical and/or biological cleavage of 
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molecular bonds which liberate desired constituents, solvent extraction of desired 
constituents into solution or suspension, and separation of desired hydrophobic 
biopolymer fractions from the solution or suspension via evaporation, filtration, 
and/or precipitation   
 Purification of the hydrophobic biopolymer by a combination of washing and/or 
boiling in a combination of volatile and non-volatile solvents 
 Amendment of the hydrophobic biopolymer onto sand particles, which may 
include dissolution and/or cross-linking  
 
2.1 TOMATO PEEL CUTIN 
 
Cutin is a waxy polymer which accounts for the main components of the plant 
cuticle. Cutin is produced at very large scales from the processing of fruits and vegetables 
for juices or sauces. Between 600-1200 million pounds of tomato waste were generated 
in the year 1994 alone from tomato processing (34), which contained approximately ten 
million pounds of cutin and cuticular materials. Currently, the primary use of these 
cuticular materials is academic, and no readily available commercial source of cutin 
exists. However, cutin may be useful in paints, coatings, drying oils, plasticizers, wetting 
agents, viscosity modifiers, or fat substitutes (34) if economical recovery processes are 
developed in the future. 
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Cutin is a highly hydrophobic polyester of cross-linked hydroxyl-fatty acids, 
hydroxyepoxy-fatty acids, and waxes with 16-18 carbons (35). The ends of these fatty 
acid carbon chains may contain carboxyl, aldehyde, or hydroxyl groups and cross-link via 
ester bonding. The ester linkages can accept, but not donate hydrogen bonds, making 
them highly hydrophobic. Cutan is similar to cutin, and is highly resistant to both acid 
and base hydrolysis. Cutan consists of polyethylene-like, long-chain fatty acids (greater 
than 30 carbons) attached to an aromatic core via ester linkages (29, 30). The main 
function of cutin is to render the plant cuticle impermeable to water, or at least regulate 
the flux of water across the cuticle. Cutin should not be confused with suberin, another 
waxy cuticular substance with a much different chemical structure. Suberins are possibly 
the most hydrophobic of all the cuticular materials, consisting of cross-linked 
polyaromatic and polyaliphatic domains. Hydroxyacids and diacids are common aliphatic 
domains, while polyaromatic domains are dominated by hydroxycinnamic acids and their 
derivatives (36-38). Figure 2.1 presents the general structure of the cutin macromolecule. 
As may be inferred from Figure 2.1, cutin is a sort of “irregular” biopolymer, in that it is 
characterized mostly by aliphatic lipids rather than a polysaccharide, peptide, or aromatic 
base.  
 
Tomato peel methanolysates may be depolymerized via cleavage of ester bonds 
by alkaline hydrolysis, transesterification and other methods (34, 35, 40), typically in a 
methanol solution. Often, enzymatic degradation of lime fruit cuticular fractions is used 




Figure 2.1: Chemical Structure of Cutin (39) 
 
solubility and/or NMR analysis (41, 42). Filtration of the resulting mixture removes a 
large fraction of unwanted cuticular lipids and polar compounds such as carbohydrates 
and proteins. Cutin monomers and oligomers may be isolated from the filtrate by 
dissolution in an acidic aqueous solution followed by chloroform extraction. The leftover 
residues contain the remaining carbohydrate impurities may be discarded. Research by 
(34) reveals that cutin monomers of comparable purity may be obtained using an 
acidified aqueous methanolic monomer mixture with hexane. Cutin methanolysate may 
be precipitated by neutralization, and extraction of polar compounds is achieved via 
addition of water. Such an alternative would be much more economical and 




In nature, cutin monomers and oligomers cross-link via esterification reactions 
between terminal and secondary hydroxyl groups in mid-chain positions. Recent research 
by (43) has shown that cutin monomers may self-assemble into layers, providing for a 
molecular orientation which facilitates the nucleophilic attack and the release of a water 
molecule required for an esterification reaction. Such self-cross-linking properties of 
cutin may prove useful in the inexpensive recross-linking of dissolved (or liquid-state) 
cutin onto sand grains. However, as discussed later in this document, cutin polymers 
exhibit a waxy consistency which is difficult to confine to a well-defined, rigid granular 
form in bulk. Cutin may thus conceivably form a non rigid capping layer with or without 
amendment to sand. However, its ability to maintain a granular product with a reasonably 
high porosity and/or permeability is debatable without further investigation.  
 
2.2 CELLULOLYTIC ENZYME LIGNIN 
 
Lignin is the principle component of plant cell walls, and rivals only cellulose as 
the most abundant biopolymer on earth. Figure 2.2 presents the general structure of the 
lignin macromolecule. Industrial uses for both water-soluble and water-insoluble waste 
lignin are many, and include adhesives and resins (44-48), polyurethane foams (49), 
coatings (50), materials for enhanced oil recovery (51, 52), concrete admixtures (53), 
coagulation/flocculation agents (54, 55), pesticide carriers (56), gel permeation matrices 




Figure 2.2: Chemical Structure of Lignin (39) 
 
Lignin has been extensively investigated as a phenol reducer for 
phenol/formaldehyde resins in the wood processing industry because of the high cost, 
toxicity, and reduction in availability of phenol (44-48). The lignin is often substituted for 
phenol at a certain percentage and is subsequently cross-linked with the addition of 
formaldehyde.  In the year 1996 alone, $600 million (USD) worth of lignin-based 
materials were sold globally, most of which were by-products of the pulping industry 
(53).  
 
As may be inferred from Figure 2.2, lignins are highly complex, and may include 
aldehyde, carboxyl, keto, hydroxyl, methoxy, and/or phenolic functional groups. Lignin 
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is constructed via oxidative coupling of mostly three p-hydroxycinnamyl alcohol 
monomers, or monolignols, that differ only by their degree of methoxylation:  
 p-coumaryl alcohol 
 coniferyl alcohol 
 sinapyl alcohol 
 
These monolignols produce, respectively, the following units in the lignin 
oligomer (60): 
 p-hydroxyphenol (H) phenylpropanoid 
 guaiacyl (G) phenylpropanoid 
 syringyl (S) phenylpropanoid  
 
These units are illustrated in Figure 2.3. 
 
Research has shown that lignin is often derived from monomers other than the 
three previously described (62, 63). Consequently, lignin may be broadly described as a 
phenylpropanoid polymer, which is lignified by radical coupling of phenols. Therefore, 
any hydroxyphenylpropanoid and its conjugate that can incorporate itself as a monomer 
into such polymers via these radical coupling reactions may be considered a lignin 
monomer (62). Examples of such alternative monolignol components are presented in 
Figure 2.4, and may include, among others (62): 
 acylated (H), (G), and (S) monolignols 
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 ferulates and diferulates  
 mutants and transgenics 
 technical monolignols  
 
 
Figure 2.3: Three Basic Monolignols (61) 
 
Acylated (H), (G), and (S) monolignols are common monomers involved in the 
radical coupling lignification process. Acylation is the process of adding an acyl group to 
a compound. An acyl group is formed from removing the hydroxyl group from an 
oxoacid, such as a monolignol. Various acylated monolignols include acetates, p-




Figure 2.4: Conjugates of the Three Basic Lignin Monomers (62) 
 
side chain. It has been somewhat ambiguously demonstrated that acylated monomers are 
pre-acylated at the monolignol level before polymerization into acylated lignin (62, 64). 
 
Ferulates and diferulates are a group of monomers and/or dimers which have been 
shown to act as nucleation sites for lignification and bridge molecules between lignins 
and polysaccharides in plant cell walls (65-69). Ferulic acid is a bifunctional 
hydroxycinnamic acid that is easily oxidized by the peroxidase enzyme to create ferulate 
esters. An ester is formed when a hydroxyl group in an organic or inorganic aid is 
replaced by a –O-alkyl group. Ferulate esters may combine to form diferulates and 
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dehydro-dimers, or react to form a variety of structures, including tyramine ferulate and 
vanillin. Ferulate forms ether bonds with lignin at the α-carbon position of the propanoid 
side chains of lignin, and ester bonds at the C5-hydroxyl of α-L-arabinose sidechains of 
xylans. The types of bonds formed by ferulates and their derivatives can only be formed 
between ferulates and monolignols, and not with preformed lignin oligomers. In general, 
ferulation occurs at the arabinose or galactose side chains of pectic polysaccharides.  
 
Mutant and transgenic monomers are derived from natural or biogenetic up- or 
down- regulation of key genes responsible for enzymes which control monolignol 
biosynthesis. They may incorporate precursors or derivatives of the three basic 
monolignols and components other than the three basic monolignols, and include 
dihydro-monolignols, tyramine hydroxycinnamates, aldehydes (including their products 
such as vanillin), and 5-hydroxyconiferyl alcohols, among countless others (62, 70).  
 
“Technical”, or industrial, lignin monomers are most often co-products of 
pulping, biomass-to-energy, or similar commercial processes that are aimed at converting 
woody materials into fibrous materials and/or extracting certain chemicals. Generally, 
industrial lignin products are highly modified and may contain significant amounts of 
non-lignin materials. They may include hydrolysis (acid) lignins, kraft lignins, 
lignosulfonates, organosolv lignins, and steam explosion lignins (71-78).  
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Hydrolysis (acid) lignin products are produced during the acid hydrolysis of 
wood.  They are insoluble in water, highly modified, and contain high amounts of sugar 
degradation products, wood extractives, and inorganic compounds. Kraft lignins are 
produced during the reaction of woody material with NaOH and Na2S at high 
temperatures, and are precipitated out of the system via acidification or ultrafiltration. 
Often, kraft lignins are sulfomethylated to solubilize for commercial interests. A 
disadvantage of kraft lignin as it pertains to the present study is its highly polar, modified 
structure that isn’t immediately obvious due to its higher insolubility in water. 
Lignosulfonates are both soluble in water and highly modified. They are produced from 
acid sulfite pulping, bisulfate pulping, neutral sulfite semi chemical process, or alkaline 
sulfite-anthraquinone pulping. The chemical behavior and physical properties of a 
lignosulfonate may be varied according to its base and source. Bases may be a sodium, 
calcium, magnesium, or ammonium ion. Sources may include softwoods, hardwoods, or 
grasses. In general, lignosulfonates produced from hardwoods and grasses have a lower 
molecular weight than lignosulfonates produced from softwoods. Lignosulfonates 
generally contain highly modified sulfonated lignin polymers, sugar polymers, sugars, 
sugar acids, wood extractives, and inorganic compounds. Organosolv lignins are 
generally produced through organic solvent extraction processes, including ethanol/water 
pulping (Alcell®), Alkaline Sulfate Anthraquinone Methanol pulping (ASAM), Methanol 
pulping followed by methanol, NaOH and anthraquinone pulping (Organocell), and 
acetic acid/hydrochloric acid pulping (Acetosolv). The products obtained through these 
processes are generally insoluble, highly purified, only mildly modified, and contain a 
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high percentage of lignin. Steam explosion lignins are produced through high 
temperature, high pressure separation of fibers with steam. The products obtained are 
insoluble and typically include carbohydrate and wood extractive impurities. A 
disadvantage of this process is that acid hydrolysis reactions may reduce molecular 
weight.  
 
Although technical, or “industrial” lignins are often widely available at reasonable 
cost, of most interest to the present study are lignins from native sources which are as 
unmodified as possible. Possibly the simplest method of “natural” lignin extraction is 
hydrolysis of woody material in an alcoholic solvent (79), which yields only a small 
amount of a combined lignin-carbohydrate fraction (approximately three to four percent 
of the total Klason lignin content in wood). Klason lignin is the total amount of lignin 
materials isolated through the strong acid degradation of woody materials, and the Klason 
lignin procedure is often used to quantify the amount of lignin in woody materials (80). 
The lignin structure is markedly changed by the drastic conditions used in this treatment, 
however, and the lignin material is left unusable afterward for the purposes of this study. 
Other wet chemical methods for the determination of lignin content in wood are less 
commonly employed and also highly modify the lignin structure (80-86). 
 
The Brauns (“native”) (87) solvent extraction method yields a slightly smaller 
amount of a much more purified lignin fraction and is one of the most effective methods 
used to isolate and prepare relatively unmodified, very hydrophobic lignin materials for 
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non-industrial applications. Brauns lignins exhibit properties very close to natural lignins, 
however, yield is on the order of two to three percent of the total Klason lignin content in 
wood. Yields may be improved to approximately 25 percent of the total Klason lignin 
content in wood using milling techniques developed by Bjorkman (88). Furthermore, 
yield purity may be significantly improved by increasing the cleavage of lignocellulose 
bonds using cellulolytic enzyme treatment (89). A disadvantage of cellulolytic enzyme 
treatment is the low availability and high cost of effective enzymes. Cellulolytic mold, 
although sparsely studied, may be an effective alternative to using cellulolytic enzymes 
(90, 91). Use of cellulolytic mold is not without its own disadvantages, however, as it 
may be subject to such unique requirements as advanced mycological culturing 
techniques and ability to use longer incubation times, for example.  
 
Association of carbohydrate complexes within the cell wall of lignins affects yield 
and the structure of extractable lignin. The lignin-carbohydrate complex has been well-
documented (92, 93). Investigations performed by (89, 94-99) have shown that the use of 
cellulolytic enzymes prior to the solvent extraction of milled wood lignins greatly 
increases molecular weight, and produces lignins that are more representative of those 
found naturally in plants. Some methods of lignin extraction in dioxane, a chemically 
indifferent solvent most used for lignin extraction and dissolution, are improved by slight 
acidification of the dioxane when used as an extraction solvent (100). However, acidic 
dioxane does not isolate a form of the lignin with a composition that is as close to natural 
lignin as methods which do not employ acidification. Methods that include the use of 
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alternative solvents, some of which may be more economically and environmentally 
feasible than dioxane, are described in (101-104). 
 
The effects of various milling techniques and milling times have also been studied 
(105-109); and it has been shown that milling significantly affects the chemical structure 
and molecular weight of lignins obtained. Milling reduces polymerization and increases 
the free-phenolic groups through cleavage of β-aryl ether linkages and the formation of α-
carbonyl groups via side-chain oxidation (108). Milling also condenses many bonds when 
heat is generated in the process, and generally affects the side-chain structure of the C9 
phenyl-propane units in lignin the most. The use of ultrasonics has been employed to 
shorten milling and extraction times, as well as aid in the cleavage of lignin-cellulose 
bonds (110, 111). For the purposes of this study, however, cellulolytic enzyme lignins 
without ultrasonics are estimated to meet both yield and yield purity requirements for 
sorption experiments.  
 
Softwoods such as sprucewood remain to be one of the most commonly used 
source for native lignin in academic studies, possibly due to their high availability. Since 
it is an objective of the present study to investigate the use of lignin from common waste 
products, spruce chips may be a preferred source of lignin materials for HOC sorption 
studies because of their high rate of use in paper pulping plants. The composition and 
structure of sprucewood lignin, as well as the differences between various softwood and 
hardwood lignins are generally known (112, 113). However, modern NMR techniques 
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allow much more detailed characterization of any lignin fraction used in the present study 
and are recommended (114, 115).  
 
By re-dissolving the solid, purified cellulolytic lignin material into the same 
solvent(s) used to extract it, lignin monomers may cross-link to form lignin oligomers, 
and lignin oligomers may cross link to form lignin polymers. In general, there are three 
possible main reactive sites, or sites with free hydrogens, on a lignin monomer: the 
phenolic hydroxyl radical, the carboxyl group on the end of the aliphatic chain, and the 
ortho position to the phenolic hydroxyl radical. Lignin cross-linking may be achieved in 
one or both of the following ways: (i) phenolic (non-condensed) ether bonding, and (ii) 
non-phenolic (condensed) carbon-carbon bonding. Phenolic cross-linking requires 
expensive cross-linking agents, but exhausts polar hydroxyl groups, which would 
increase the hydrophobicity of the lignin for PAH sorption. Condensation of lignin does 
not necessarily make free hydroxyl groups unavailable for further reactions, and may 
significantly alter functionality and domain spatial arrangement. Oftentimes condensation 
reactions require heating or addition of mineral acids, which may additionally cause 
structural damage or charring to lignins.  
 
Figure 2.5 presents examples of phenolic cross-linking between some lignin 
monomers, including an (A) β-O-4’ alkyl-aryl ether bond and a (B) 4-O-5’ aryl-aryl ether 
bond (61). Figure 2.6 presents examples of non-phenolic cross-linking between some 
lignin monomers, including linkages between two side chains such as the β-β’/α-O-γ’/γ-
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O-α’ resinol bond (C), linkages between a side chain and an aromatic ring such as the β-
1’ (D) and phenylcoumaran β-5’/α-O-4’ bonds (E), or biphenyl linkages between two 
aromatic rings such as the dibenzodioxocin 5-5’/α’’-O-4/β’’-O-4’ (F) and spirodienone β-
1’/α-O-α’ (I) bonds (61). 
 
 
Figure 2.5: Non-Condensed Monolignol Bonds (61) 
 
Phenolic cross-linking of lignin may be achieved by bridging the free phenolic 
hydroxyl groups with bi-functional organic compounds and/or polyvalent metal cations, 
with or without pre-phenolation to provide for more reactive sites. Aliphatic chains of 
halogen- or epoxide- containing bifunctional organic compounds such as 
epichlorohydrin, di-epoxide, polyoxyalkylene dihalide, dichlorohydrin, 1,2,3,4-
diepoxybutane, bis-epoxypropyl ether, ethylene glycol-bis-epoxypropyl ether, and 1,4-
butane-diol-bis-epoxy-propyl ether have been used to achieve phenolic cross-linking of 
lignins in industry (56, 57, 116).A disadvantage of using such compounds, however, is 




Figure 2.6: Condensed Monolignol Bonds (61) 
 
Positive, polyvalent cations are more environmentally friendly, however, and 
have been shown to complex with lignins and materials similar to lignins, such as humic 
acids (117-122). In fact, the metal-lignin complex provides the driving force behind 
several coagulation aids and ion exchange resins used in industrial effluent treatment and 
coagulation of excess humic substances in drinking water treatment (123-126) Unless a 
water-soluble lignin is used initially, however, positive metal ion complexation requires 
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much modification to the lignin structure prior to cross-linking to provide enough 
reactive sites (i.e. hydroxyls) for significant bonding. This would be highly undesirable 
for sorption of HOCs, and would render lignin unsuitable for providing a stable coating 
on sand grains in an aqueous system. Cation-lignin bond stabilities also tend to be much 
more dependent than bifunctional organic agents on the chemistry of the surrounding 
aqueous phase. Choosing a cation which would provide for a stable, sufficiently strong 
bond throughout the wide range of pH values, ionic strengths, and competing cations not 
uncommonly present in riverine environments is a very difficult and complex task. If the 
structure of the modified lignin may be assumed to be approximately similar to humic 
substances in both size and number/types of reactive groups, models such as the Non-
Ideal Competitive Adsorption (NICA)-Donnan and Model-V may be used to make 
predictions on cation-lignin bond stability under various environmental conditions (127-
140). However, such assumptions are rarely valid.  In addition to the complex nature of 
cation binding to water-soluble lignins, effects of cation complexation on the sorption of 
HOCs to natural organic matter, including lignins, have also been observed (141-145). 
Such effects include a decrease or increase in total sorption capacity, as well as enhanced 
sorption nonlinearity, sorption/desorption hysteresis, and competition between multiple 
solutes. Therefore, for the purposes of this study, phenolic cross-linking of lignin would 
seem undesirable. 
 
Non-phenolic methods of cross-linking lignins mostly include the use of 
aldehydes, specifically formaldehyde or formaldehyde-forming agents, with or without 
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prior chemical modifications such as oxidation, methylolation, phenolation, or similar 
reactions to produce more active sites for cross-linking, as formaldehyde alone is 
typically not strong enough. Non-phenolic cross-linking with formaldehyde requires a 
free ortho or para position to a phenolic hydroxyl group along the aromatic ring. 
Consequently, formaldehyde treatment alone often results in a small, inadequate amount 
of cross-linking in the case a large number of syringyl units are present in the lignin. 
This, along with the consideration of the toxicity of formaldehyde, suggests that 
formaldehyde alone may not be suitable for use as a cross-linking agent in environmental 
applications. Glyoxal, a non-toxic aldehyde, has been shown to be suitable for cross-
linking lignin (56, 146) and would be suitable for the present study, however. Other 
forms of non-phenolic cross-linking may include the use of ferulates and diferulates as 
previously mentioned to provide nucleation sites for radical-radical cross-linking and 
peroxidase-mediated phenol oxidative coupling of lignin-lignin and lignin-carbohydrate 
fractions (65-69). Association of ferulates and diferulates in the cross-linking of pectin, 
proteins, and gelatin have also been observed, which shows the effectiveness and 
versatility of using ferulate-mediated cross-linking of an entire host of biopolymer types 
(147-149). 
 
Lignin reactivity is often improved prior to cross-linking by chemical 
modification. Such modifications may include oxidation and/or reduction (116), 
methylolation (46, 56), phenolation (44), or a combination of both (116).  The first 
method, oxidation, generates free radical intermediates which combine to form biphenol 
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structures. Oxidative coupling with oxidizing agents such as hydrogen peroxide, alkali 
metal persulfates, permanganates, and perborates may be facilitated by oxidative 
enzymes capable of catalyzing oxidative reactions, such as peroxidases (hydrogen 
peroxide as substrate) and oxidases (molecular oxygen as substrate) are employed. The 
second, methylolation, uses methylolating agents such as formaldehyde, 
paraformaldehyde, glyoxal, glutaric dialdehydeformalin, hexa methylene-tetramine, or 
other compounds which readily decompose to formaldehyde to introduce methylol 
groups to the lignin compound. After methylolation, a phenolic cross-linking agent such 
as phenol, cresol, catechol, resorcinol, or bifunctional organic compound capable of 
phenolic cross-linking may be used to react with the methylol groups, condensing the 
mono- and poly-methylol monomers to form methylene ethers which further react to 
form methylene bridged polymers. The third, phenolation, consists of adding phenol-like 
groups to the lignin compounds to increase the number of aromatic rings with available 
ortho positions relative to the hydroxyl group. After phenolation, formaldehyde or 
formaldehyde-forming compound are added to condense the monomers via C-C bonding.  
 
2.3 KERATIN AZURE 
 
Keratin is a naturally abundant fibrous protein found in animals that rivals only 
chitin as one of the toughest biomaterials known. Keratin has many useful properties such 
as “self-healing” that have made it an excellent biomaterial for the medical fields, where 
it has served as a material for medical implants, diffusion membranes for drug delivery, 
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tissue-engineering scaffolds, and wound dressings (150-152). Keratins have also been 
employed outside of the medical industry in electronics (153), food products (154), 
cosmetic products (155), and as substitutes for petroleum-based components in plastics 
(156), among others.  
 
The keratin macromolecule has an average molecular weight of approximately 
60,000 grams per mole and may generally be described as a polypeptide consisting of 
approximately 18 amino acids that connect to form larger three-dimensional structures 
(157). Figure 2.7 presents a simple representation of the keratin macromolecule. The 
amino acid composition of keratin from human hair, lamb wool, and hen feathers in 




Figure 2.7: Chemical Structure of Keratin (158) 
 
In general, amino acids contain an amine group, a carboxylic group, and a side 
chain which varies between individual amino acids. It is vitally important to understand 
what the particular composition of the side chains are in any polypeptide used for 
sorption of HOCs, along with what carbon the amine group attaches to in the overall  
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Table 2.1: Amino Acid Composition of Various Eukeratins (159) 
 
amino acid molecule. Such factors may determine a protein’s secondary, tertiary, and 
quaternary structure, as well as affect the macromolecule’s overall chemical functionality 
and affinity for hydrophobic solutes in aqueous systems. For example, some amino acids 
found in keratins contain charged polar side chains, such as histidine and lysine. Others 
such as serine, tyrosine, and threonine have non-charged polar side chains, while leucine 
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and methionine contain nonpolar side chains (160). These side chains may interact with 
themselves, as well as water molecules in the surrounding environment, to produce the 
particular micro- and macro-molecular shape of a protein and its specific affinity for 
dissolved solutes. All amino acids, however, since they contain both amine and 
carboxylic acid functional groups, are both acids and bases. When the number of 
protonated, or positively charged groups (i.e. ammonium groups) equal the number of 
deprotonated, or negatively charged groups (i.e. carboxylate groups), the amino acid has 
no overall electric charge and is at a pH known as the isoelectric point. Amino acids have 
minimum aqueous solubility at their specific isoelectric points, and may exist at the 
isoelectric point in both solid matrices and in polar, liquid solutions.  
 
There are two major secondary forms of keratin, alpha- (α-) keratin and beta- (β-) 
keratin (160-162). Alpha- (α-) keratins consist of α-helically coiled, single polypeptide 
chains, and are the primary keratin found in mammalian skin and the cortex of 
mammalian hair. They are highly flexible, elastic, moderately water-soluble, and very 
fibrous. Alpha- (α-) keratins often occur in superhelical structures comprised of a large 
number of α-helical keratin fibers woven together. Beta- (β-) keratins consist of β-pleated 
polypeptide sheets which are stacked and/or twisted together to yield a highly rigid 
structure.  Beta- (β-) keratins are the primary keratin found in mammalian hooves, 
fingernails, and horns, as well as the feathers, beaks, and claws of birds, and the shells 
and claws of reptiles, among others.  
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The differences in the physical and chemical behavior of these two types of 
keratin may be attributed to the particular combination of bond types present both within 
and between their associated polypeptide chains. In polypeptides such as keratins, the 
type of bonding generally may be reduced to the side chain and amino acid composition 
of each (160, 161). For example, some amino acid groups such as cysteine form covalent 
bonds between each other to make disulfide bonds. Other groups may form one of two 
main types of hydrogen-bonded groups: (-O-H-O-) and (-O-H-N-). (-O-H-O-) groups 
result from water-water and water-hydroxyl interaction while (-O-H-N-) groups result 
from amide-amide, amide-carboxyl, and amide-carboxylic acid interactions between side 
chains. Van der Waals forces between polypeptide chains also play a particularly large 
role in keratin bonding. Interactions between hydrophobic keratin domains in the 
presence of water are responsible for the formation of double α-helically coiled ropes 
which make up intermediate filaments in hair. The last major type of bond interaction in 







Each of the aforementioned bonds, however, has a different associated strength, 
or total energy required to perturb the distance between the atoms a certain amount. Such 
a distance is also relatively specific for each type of bond. The result is that there is a 
very wide range of natural and synthetic keratin structures, each with a different chemical 
behavior in aqueous systems than the other. Such a concept is illustrated in Figure 2.8, 
which has been reproduced without permission from (161). As may be inferred from 
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Figure 2.8, covalent bonds are much stronger than weaker interactions such as hydrogen, 
coulombic, or Van der Waals, but form with much smaller distances between atoms.   
 
 
Figure 2.8: Energy-Distance Relationship Between Covalent and Weaker Bonded Atoms 
(161) 
 
Strongly bound and largely insoluble β-keratins often contain a high proportion of 
glycine, which contains a single hydrogen atom as a side chain and is the smallest amino 
acid group found in keratins. In some cases, β-keratins also tend to contain a high  
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percentage of the next smallest amino acid found in keratins, alanine, whose functional 
side group is the small and uncharged methyl group. This results in sterically unhindered 
hydrogen bonding between amino and carboxyl groups of neighboring peptide chains, 
and thus facilitates their closer alignment. Consequently, hydrogen bonds in β-sheets 
form mostly not within the polypeptide backbone, but between neighboring peptides 
(160). Alpha- (α-) keratins not only tend to have a higher relative abundance of inter-
molecular hydrogen bonding than β-keratins, but they generally have more complex, less 
neutral side groups, which results in more sterically-hindered hydrogen bonding and 
larger spacing between adjacent protein chains.  
 
In general, β-keratins also contain a higher relative abundance of the amino acid 
cysteine when compared to α-keratins (161-162). This is especially true for sheep’s wool, 
as the β-keratins found within the exocuticle of hair keratin contain roughly 35% 
cysteine, while the α-keratins found in the endocuticle (cortex) contain only three percent 
(161).  Hair may not be representative of all keratins, however, as they have the highest 
overall percentage of cysteine with respect to most other major keratin types. In fact, hen 
feathers have been shown to have a smaller total sulfur content, as well as cysteine 
percentage than lamb wool (159). Cysteine itself is characterized by the thiol functional 
group, -SH, which is comprised of a sulfur atom and a hydrogen atom. The thiol groups 
tend to pair up and, through oxidation, form a covalent sulfur-sulfur (disulfide) bond with 
the loss of two protons and two electrons. Expressed more formally, when cysteine is 
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oxidized it can form cystine, which is two cysteine residues joined by a disulfide bridge 
(cys-S-S-cys). Disulfide bridges confer additional strength and rigidity to keratins by 
permanent, thermally-stable intra-molecular crosslinking. Extensive disulfide bonding 
contributes to the insolubility of keratins, except in dissociating or reducing agents. 
 
Modern techniques used to render keratin soluble in polar solvents may take 
advantage of such cysteine functionality. Due to keratin’s resilience to dissolution, 
however, these methods are usually invasive and not always reversible, yielding at best a 
keratin-like substance with properties similar to the native keratin. Modern techniques 
used to dissolve or cross-link keratins usually employ hydrolysis coupled with oxidation 
(163), reduction (154, 155, 164), or both oxidation and reduction (150, 151). Typically, 
these hydrolysis reactions decrease sulfur content and leave charged residues, although 
molecular weight and solubility generally remain the same (164). In order to decrease 
chemical alteration of keratin, some studies have successfully employed enzymes to aid 
in hydrolysis (155). Cross-linking may also be achieved without reduction or oxidation 
using bifunctional compounds (152).  
 
Oxidation of native keratin cleaves cysteine-cysteine disulfide linkages to form 
cysteic acid (R-CH2SO3H) residues. Reduction cleaves cysteine-cysteine disulfide 
linkages (cystine) to form cysteine residues with thiol (R-SH) groups. Thiols (aka 
mercaptans) give the resulting material properties similar to alcohols, which may allow 
alcohol-water mixtures as a reducing solvent. Both residues add hydrophilic sites to the 
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polypeptide chains and aid in increasing solubility. However, the cysteine residues with 
thiol groups do not readily participate in hydrogen bonding, a property common to 
nucleophiles such as thiols. When reduced native keratin is oxidized, thiol groups will 
reform hydrophobic cystine linkages. However, once formed, the cysteic acid residues 
are permanent and left unchanged with further reduction (or oxidation). Accordingly, to 
form a soluble keratin product that may be recross-linked back into a hydrophobic, non-
wetting material, oxidation of the cystine linkages must be avoided in the dissolution 
step.  
 
Given the above discussion, it is obvious that cysteine-rich, hydrophobic β-
keratins would be more effective than α-keratins at sequestering hydrophobic solutes. 
Two potential sources of native keratin that could potentially meet those requirements 
may be poultry feathers and sheep’s wool. Although not currently marketed 
commercially, poultry feathers are produced in bulk as a waste byproduct at poultry 
processing facilities, and contain over 90 percent (w/w) native keratin, most of which is 
of the β-keratin type. If a market appears for such a product, poultry feathers may easily 
be made available commercially at very reasonable costs and used in either bulk or 
modified forms. The cysteine content in feathers, although roughly half that of sheep’s 
wool, is still high enough to achieve effective dissolution and cross-linking.  
 
A commercially available alternative to poultry feathers may be found in sheep’s 
wool, such as the keratin azure used in the present study, and may also be economically 
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feasible if the bulk price is low enough. Wool is high in cysteine groups and has a low β-
keratin fraction in its native, bulk form. However, by taking advantage of the high 
affinity of hair cortex α-keratin for polar solvents such as water, the β-keratin fraction in 
wool may be increased to over 80 percent (151). For example, the α-keratin fraction, 
when at least partially homogenized with the β-keratin fraction in a reducing or oxidizing 
environment, may be at least partially exposed to and subsequently removed to the 
aqueous phase where it may be separated from the remaining β-enriched keratin by 
decantation. As it is commercially available from the textile industry, keratin azure would 
thus potentially be a candidate for such modification. However, when the decrease in 
total mass of keratin required for removal of most of the α-keratin is considered, keratin 
azure may ironically be most feasible in its bulk, unmodified-form. In other words, if the 
increase in sorption capacity for HOCs is relatively small with modification, removal of 
the α-keratin fraction would be an unnecessary cost. If the native keratin will be chosen 
to amend additional amendments such as sand, however, solubilization of the keratin 
must be achieved regardless, and partial to full removal of the alpha fraction may be 
achieved with little to no additional cost. 
 
Removal of the α-keratin fraction is not the only modification which may be 
required for keratin azure to be suitable for use in active capping environments, due to the 
fact that keratin azure comes pre-reacted, or dyed with Remazol Brilliant Blue-R 
(Reactive Blue 19). Remazol Brilliant Blue is very commonly used in the wool textile 
industry and is the potassium salt of the sulphato ethyl sulfone derivative of an 
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anthraquinone sulfonic acid. Its vinyl sulfone derivative has been found to bind 
covalently and stoichiometrically to primary and secondary amines and to alcohol and 
sulfhydryl groups (165). Generally, any carboxylic acid side chain or amino group such 
as lysine, cysteine, histidine, threonine, serine, tyrosine, methionine, and N-terminal may 
confer affinity for reactive dyes, including Remazol Brilliant Blue-R (157, 166). Also, 
two-thirds of the amino bonds formed with reactive dyes are lysine and histidine groups 
(167). Remazol Brilliant Blue-R is a monofunctional dye which does not additionally 
cross-link or change the solubility of wool (168). General mechanisms of dye-wool 
reactions are described by (169). 
 
Studies have shown that up to 20 percent of reactive dye molecules present on 
dyed wool may be unfixed, or non-covalently linked (170), which may cause the 
partitioning of reactive dyes such as Remazol Brilliant Blue-R into the polar phase when 
submerged in water. Furthermore, once in the aqueous phase, Remazol Brilliant Blue-R 
has been observed to undergo oxidative reactions in the presence of catalysts such as 
ultraviolet light to liberate anthraquinone groups which degrade to form naphthalene and 
other toxic aromatic intermediates (170-173). Such occurrences may be obvious from 
Figure 2.9, which is reproduced without permission from (172). As may be inferred from 
Figure 2.9, the anthraquinone group contains a phenanthrene-like domain which may 
easily be cleaved via oxidation reactions and released into the aqueous phase. Thus, it 
would obviously seem clear that keratin azure would require additional removal of non-
covalently linked dye molecules before its raw, or bulk form could be used “as-is” in a 
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capping environment. (167) has included methods to remove the non-covalently linked 
dye which would be suitable for use in the present study. 
 
 















Chapter 3: Materials and Methods 
 
The prepared hydrophobic biopolymers included cutin from tomato peels, 
cellulolytic enzyme lignin from spruce chips, commercially available keratin azure, and 
purified keratin azure. Following their isolation and preparation, the biopolymers were 
subjected to one or more chemical analyses, including Total Carbon and Total Nitrogen 
(TC and TN), Loss-On-Ignition (LOI), and/or Solution-State Nuclear Magnetic 
Resonance (SS-NMR). Results were used to determine if the prepared hydrophobic 
biopolymers materials had a similar chemical composition to that expected from the 
literature. Comparisons were based on proportions of certain chemical groups present and 
overall elemental content as estimated from literature. Batch kinetics and equilibrium 
sorption studies using the selected hydrophobic biopolymers then allowed determination 
of the amount of time required for a number of non-competing PAHs to reach 
physiochemical equilibrium between the aqueous and solid biopolymer phases, and the 
calculation of equilibrium partition coefficients for the same.  
 
It was concluded using a decision matrix that keratin azure had the greatest 
potential for success at providing a stable, uniform, and sorptive coating on sand grains. 
Hydrophobic biopolymer-Coated Sand Products (CSPs) were then constructed to yield 
modified keratin azure-containing products with low, moderate, and high sand 
concentrations. The CSPs were then subjected to additional batch kinetics and 
equilibrium sorption studies, physical analysis, and chemical characterization. Results 
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were used to evaluate and discuss the chemical and physical mechanisms by which 
sorption was achieved, identify parameters that may be optimized for rendering the CSPs 
most effective and suitable for use as active capping materials, and simulate via simple 
modeling the performance of selected hydrophobic biopolymer-CSPs in a thin-layer 
sediment cap with respect to their ability to feasibly and efficiently remove PAHs. 
Preparations of conventional active capping amendments, including hydrophilic 
biopolymers, were prepared and similarly tested for comparison to the hydrophobic 
biopolymer-CSPs.  
 
The experimental approach and general procedures employed to complete such 
efforts are described in the following sections: 
3.1 Isolation and Preparation of Selected Hydrophobic Biopolymers 
3.2 Construction of Hydrophobic Biopolymer-Coated Sand Products  
3.3 Physical and Chemical Characterization of Selected Hydrophobic Biopolymers 
and Hydrophobic Biopolymer-Coated Sand Products  
3.4 Batch Kinetics and Equilibrium Sorption Tests of Selected Hydrophobic 
Biopolymers, Hydrophobic Biopolymer Coated Sand Products, and Other 
Amendments  
3.5 Feasibility Analysis of Hydrophobic Biopolymers and Hydrophobic Biopolymer-
Coated Sand Products  
3.6 Finite Difference Simulation of the Transport of Naphthalene through a Thin-
Layer Cap Comprised of Hydrophobic Biopolymer-Coated Sand Products 
 58 
 
3.1 ISOLATION AND PREPARATION OF SELECTED HYDROPHOBIC BIOPOLYMERS 
 
Presented below are procedures for the preparation and isolation of cutin from 
tomato peels (CUT), cellulolytic enzyme lignin (CEL) from spruce wood chips, keratin 
azure (KER) from dyed sheep’s wool, and purified keratin azure (KER PUR). 
 
3.1.1 Tomato Peel Cutin 
 
According to a method adapted from (34, 40), commercial tomatoes were first 
boiled in water for 25-30 minutes in order to achieve manual separation of the peels from 
the flesh of the tomatoes. The peels were then washed three times with deionized water 
and dried overnight in a drying oven at 60 degrees Celsius.  
 
To remove an initial fraction of the cuticle lipids and monosaccharides, the dried 
tomato peels were exhaustively extracted at room temperature in methanol (Fisher, 
99.9% w/v) overnight on a rotary shaker at approximately 100 rounds per minute, using 
approximately 50 milliliters of methanol for every 2.5 grams of dried tomato peels. The 
solution containing the suspended tomato peels was then separated from the extracted 
peels by filtration using 45-micrometer glass-fiber microfilters (Whatman). The 
procedure was repeated on the extracted tomato peels until no residue was obtained from 
the filtrates.   
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In a similar manner, the extracted tomato peels were then exhaustively extracted 
overnight at room temperature in 1.5M KOMe on a rotary shaker at 100 rounds per 
minute, prepared by dissolving 84.16 grams KOH (Fisher, 87.3% w/w) per liter of 
methanol. Cutin methanolysates were isolated by first filtering the solution using 45-
micrometer glass-fiber microfilters, washing the retentate with methanol, and diluting the 
combined filtrates with two volumes of deionized water. The solution was then chilled, 
adjusted to pH 3.5 with concentrated hydrochloric acid (Fisher, 34-37% w/v), and 
extracted twice in a separatory funnel with trichloromethane (EMD, 99.8% w/v). In order 
to avoid localized pH extremes due to using concentrated hydrochloric acid to adjust pH, 
the solution containing the diluted, combined filtrates was kept under continuous, 
rigorous stirring while the acid was added slowly in dropwise fashion. After combining 
the extracts and back-extracting with deionized water, the solution was concentrated to 
dryness on a rotary evaporator using a bath temperature of 40 degrees Celsius and a 
rotation speed of 30 rounds per minute. According to (34, 40), the trichloromethane 
soluble fraction was estimated to contain greater than 90 percent cutin monomers. The 
residues obtained from filtering contain greater than 95 percent carbohydrates and were 
discarded as waste. As noted by (34, 40), dichloromethane may be successfully 




3.1.2 Cellulolytic Enzyme Lignin 
 
Sitka spruce (Picea sitchensis) chips were first obtained from Warrenton Fiber 
(Warrenton, Oregon) and dried at room temperature. According to a method adapted 
from (88), the chips were then ground in a Wiley mill (University of Texas at Austin 
Polymer Processing Facility) to pass a 40-mesh sieve. Following the preparation of 
milled wood, a fraction of the total amount of cellulose was released from the lignin 
contained within the spruce chips, according to a method adapted from (89).  
 
In order to achieve this, an Enzyme Buffer Solution (EBS) containing 0.05 molar 
sodium acetate and 0.05 molar acetic acid at a pH of approximately 4.5 was prepared by 
adding 4.10 grams of sodium acetate (anhydrous, Fisher, 99.1% w/w) to a 1000 milliliter 
volumetric flask, diluting to approximately halfway using DI water, adding an additional 
2.89 milliliters of glacial acetic acid (Fisher, >99% w/v), and diluting to the remainder of 
the 1000 milliliter volume with deionized water while under continuous stirring. The 
EBS was then diluted to two liters with deionized water, stirred, and divided evenly into 
two 1000 milliliter flasks. One of the 1000 milliliter flasks was stored for later use in the 
dark at four degrees Celsius, while the following target masses of materials were added to 
the remaining flask, along with three drops of toluene for preservation:   
 100 grams sitka spruce chips (40 mesh) 
 20 grams Onozuka 3S cellulase (Yakult Pharmaceutical, Japan) 
 20 grams Onozuka Y-NC hemicellulase (Yakult Pharmaceutical, Japan) 
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After agitation on a rotary shaker at 120 rounds per minute at 50 degrees Celsius 
for three days, the mixture was filtered through 45-micrometer glass-fiber microfilters. 
An additional three drops of toluene (EM Science, 99.99% w/v), 20 grams of Onozuka 
3S, and 20 grams of Onozuka Y-NC were added with the residue and suspended in the 
unused 1000 milliliter flask of EBS. The agitation process was then repeated for an 
additional three days at 50 degrees C and 120 rounds per minute. Following the second 
agitation/incubation, the suspension was once again filtered through 45-micrometer glass-
fiber microfilters. The residue was then rinsed three times with deionized water, dried at 
room temperature, and stored at room temperature in the dark.  
 
During a first extraction event, a portion of the residue, or treated wood meal, was 
exhaustively extracted in a soxhlet extractor for 36 hours in 96% (v/v) aqueous dioxane, 
prepared by adding 12.5 milliliters deionized water to every 300 milliliters concentrated 
1,4 dioxane (Mallinckrodt Chemicals, 99.0+% w/v). Boiling stones were added to the 
boiling flasks to increase overall evaporative flux to the condensing units, and glass 
microfiber thimbles (Whatman, 19x90 millimeters) were used to contain the treated wood 
meal during operation. The mass of treated wood meal added to each thimble was 3.5-4.0 
grams. A number of issues arose with continued use of the soxhlet extractor, however, 
including precipitation of material inside the boiling flask and flooding resulting from the 
continual flow of tap water required to cool the condenser coils. A second extraction 
event was performed without the use of a soxhlet extractor by stirring a portion of the 
residue (approximately 36 grams) in a 2000 milliliter volumetric flask for 36 hours under 
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no heat in 96 percent (v/v) aqueous dioxane. No precipitate was formed. Following each 
extraction, the solutions obtained were filtered through 45-micrometer glass-fiber 
microfilters and retained for further processing. The residue was kept for re-dissolution 
and extraction. The extractions were each repeated once, for a total of two extractions 
during each event. The extractions were not repeated more than once due to the relatively 
insignificant amount of material obtained after the first extractions. Both extraction 
events produced a translucent, light yellow-colored solution of similar characteristics. 
 
Filtrates from each event were evaporated to dryness using a rotoevaporator under 
a steady stream of air and a slight vacuum. Evaporation flask temperature and rotating 
speed was set at 55 degrees Celsius and 45 rounds per minute, respectively. The residues 
were purified by rinsing first with water and then by petroleum ether, and repeating for a 
total of three times. Petroleum ether readily evaporated from even the smallest pores in 
the purified residues at room temperature. Cellulolytic Enzyme Lignin (CEL) obtained 
from the purified residue was identical for both extraction events, and samples from each 
were used in further experiments. 
 
3.1.3 Keratin Azure and Purified Keratin Azure  
 
Initially, two keratinous materials were tested in order to investigate both “as-is” 
and “pseudo-as-is” states of a commercially-available wool, keratin azure. Alternatively, 
the first material may be described as the bulk form of keratin azure, and the second 
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material may be described as the bulk form of keratin azure with the non-covalently 
attached dye molecules removed. When obtained, keratin azure (Sigma Aldrich, 98% 
w/w) was divided into a first fraction designated as the first, or bulk keratin azure (KER), 
and a second, larger fraction designated as the second, or bulk “purified” keratin azure 
(KER PUR). KER PUR was then obtained from KER using a method adapted from 
(167).  
 
An extraction solution consisting of a one-to-one mixture of pyridine (Fisher, 
99.9% w/v) and deionized water was prepared and brought to pH 6.5-7.0 by dropwise 
addition of concentrated hydrochloric acid  (Fisher, 37.4% w/v) under constant stirring. 
The amount of concentrated hydrochloric acid used per 667 milliliters was approximately 
0.4 milliliters. The solution was then brought to a temperature of 70 degrees Celsius 
while stirring on a heat/stir plate in a well-ventilated fume hood. When the temperature 
had remained stable for 30 minutes, a mass of keratin azure was added to the solution and 
extracted for one hour. To extract a 4.5 gram batch of keratin azure, two-thirds of a liter 
of extraction solution was typically used in order to account for the very small bulk 
density of the wool. Grinding the KER into a more powdered material for use of a 
smaller amount of solvent was not possible without the use of a Wiley mill. Milling, or 
grinding, is also generally discouraged because of estimated effects on such parameters 
as the aqueous stability, manageability, and the release rate of previously stable dye 
molecules. Also, grinding or milling has been observed in some studies to affect the 
cysteine content of wool (174). As described later in this document, changing the 
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cysteine content of the wool may render the keratin less able to form stable coatings on 
sand grains, as disulfide linkages are necessarily manipulated in order to render the 
keratin soluble and recross-link. 
 
Following extraction, the mixture was filtered using 45-micrometer glass-fiber 
microfilters and the retained fibers were rinsed thoroughly (five times) with deionized 
water. The procedure was repeated until the largest fraction possible of noncovalently-
linked Remazol Brilliant Blue-R was removed, or until the extraction solution remained 
clear. This proved to be approximately three times for each batch extracted. After the last 
extraction, the fibers were left on aluminum foil to air-dry at room temperature under a 
fume hood. The resulting material was labeled as KER PUR. 
 
3.2 CONSTRUCTION OF HYDROPHOBIC BIOPOLYMER-COATED SAND PRODUCTS 
 
According to dissolution and cross-linking methods adapted from (151), 
hydrophobic biopolymer-Coated Sand Products (CSPs) were prepared in two major 
stages from purified keratin azure (KER PUR). In the first stage, partial reduction of the 
disulfide bonds in the keratin fibers was achieved in a nitrogen atmosphere containing 
approximately one to two parts-per-million (ppm) hydrogen for oxygen scavenging. Such 
reduction allowed the partial dissolution of the keratin material, yielding a form of the 
keratin which may be used to coat sand particles. A reducing solution was prepared prior 
to beginning the reaction by adding 31.03 milliliters of concentrated ammonium 
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hydroxide (Fisher, 29.46% w/w as NH3) to approximately 75 milliliters deionized water 
and diluting, using deionized water, to 150 milliliters, yielding 150 milliliters of three-
normal ammonium hydroxide. A solution containing 15.7 milliliters of ammonium 
thioglycolate (Acros Organics, 70% (w/w) in water) per 75 milliliters of the three-normal 
ammonium hydroxide was then prepared and brought to a stir on a heat/stir plate. 
 
In an initial batch, the reducing solution was immediately allowed to approach a 
constant 60 degrees Celsius. After the temperature had remained steady for 30 minutes, 
purified keratin azure were added and reduced for two hours. Approximately 272.1 
milliliters of reducing solution was initially needed to completely cover a 4.0-5.0 gram 
batch of keratin fibers, once again due to the density of the bulk keratin. However, upon 
the onset of reaction, the keratin quickly condensed, and after six hours, was able to be 
covered with as little as 90.7 milliliters of reducing solution. Subsequent batches did not 
add heat to the reducing solution until after the keratin had been under stirring and no 
heat for one hour. Following one hour, the heat was allowed to increase to 60 degrees 
Celsius until two hours of total reaction time was reached. The gradual addition of heat 
greatly aided in regulating the rate of cleavage of disulfide linkages at the start of the 
reduction when the reaction rate was highest, and therefore decreased the occurrence of 
rapid and large hydrogen sulfide releases to a constant, lower rate of release which could 
be managed. Additional measures taken to reduce the possibility of dangerous hydrogen 
gas buildup included periodically purging approximately one-third of the total volume of 
the glovebox in which the atmosphere was maintained (Coy Laboratory Products) and 
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replacing the volume with fresh mixed gas. Oxygen-scavenging catalysts and sulfide 
traps placed within the glovebox aided in oxygen removal and sulfur sequestration from 
the hydrogen sulfide released. Vermiculite placed in tubs throughout the glovebox aided 
in moisture removal. 
 
Ammonium hydroxide aids in the deprotonation of carboxylic acids and the 
cysteine thiol groups, which forms a polyanionic keratin material with increased aqueous 
solubility (151). In addition, the ammonium in the ammonium hydroxide partially swells 
the protein, allowing less mass transfer limitations on the thioglycolic acid reaction with 
disulfide bridges (151). Following the first two hours of reaction, the reducing suspension 
was removed from heat and filtered without vacuum using fine glass-fiber filter paper 
(Whatman, P5). The partially-reduced keratin fibers were removed and rinsed three times 
with deionized water. The rinsed, partially-reduced keratin fibers were then resuspended 
in deionized water which had been purged with nitrogen gas before bringing into the 
glovebox to remove oxygen. While suspended in the oxygen-free deionized water, the 
fibers were removed from the glovebox and partially homogenized for ten minutes using 
a commercial food processor (Cuisinart Mini Prep Plus®) under a well-ventilated fume 
hood. Immediately following the homogenization, the fibers were returned to the 
glovebox while remaining suspended in the deionized water. The rationale for removing 
the fibers from the glovebox was used due to safety concerns of operating an electric 
device not rated for laboratory use in an environment which may possibly reach 
dangerous levels of hydrogen sulfide gas during homogenization. Initially, 
 67 
homogenization using a ceramic mortar and pestle inside the glovebox was attempted 
without success, as the keratin fibers remained too tough to grind even after six hours of 
reaction. The fiber did not seem to be oxidized much from being possibly briefly exposed 
to oxygen. The homogenized wool keratin was then removed from the suspension by 
filtration through 45 micrometer glass-microfiber filters under vacuum, rinsed three times 
with deionized water, and resuspended in fresh reducing solution. The reaction was then 
continued with heat for an additional four hours, for a total of six reaction hours.  
 
Partial homogenization of the alpha and beta keratin fractions contained within 
the wool fibers is necessary in order to decrease mass transfer of the reducing solution to 
internal cysteine linkages and allow the more polar alpha keratin fractions to be dissolved 
into the polar phase where they may be filtered off with the reducing solution. A much 
more hydrophobic, dissolution-resistant wool-keratin fraction remains afterwards, which 
contains a higher percentage of beta keratin than previously. After the homogenized 
keratin fractions are returned to the reducing solution, any disulfide bridges which may 
have re-formed during the ten minutes outside of the glovebox could presumably be 
reduced once again in a similar amount of time.  
 
After six total reaction hours, the reducing suspension was filtered and the 
reducing solution was replaced once more in similar fashion. The retained keratin 
material was then resuspended and reacted for an additional 12 hours, for a total of 18 
hours of reaction. Such periodic replacement of the reducing solution provided the 
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additional advantage of increasing the removal of dye molecules released to the polar 
liquid phase during the partial reduction of keratin. In fact, dye molecules which had 
previously been permanently attached to the keratin fiber were significantly removed to 
the point of there being no observable dye left on the partially-reduced keratin material.  
Following 18 total hours of reduction, the reducing suspension containing the partially 
reduced keratin fibers was poured evenly into several 50 milliliter centrifuge tubes and 
allowed to settle 12 hours, or overnight. The reducing solution was then decanted using a 
glass pipet, leaving a more concentrated suspension. Following decantation, the 
concentrated suspension was placed on filter paper overnight in the glovebox over a 
beaker to filter off remaining liquids without a vacuum, leaving a beta-enriched wool 
keratin fraction which is resistant to dissolution and relatively free of dye molecules.  
 
While filtration of the reducing suspension to recover the partially-reduced keratin 
material remained possible after only six hours of reaction, filtration was not possible 
following 12 hours of reaction due to clogging of the filter paper. Thus, settling of the 
suspension in centrifuge tubes seemed necessary. In an original method, a centrifuge was 
used to speed up the settling for ten minutes at 5200 rounds per minute. However, a 
number of tubes broke using the method, and the suspension remaining in the intact tubes 
did not settle any faster than suspensions in tubes that were allowed to settle without the 
aid of the centrifuge.  
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In the second stage of the preparation of hydrophobic biopolymer-coated sand 
products, the partially-reduced keratin material was combined with industrial/play sand 
grains to provide a coating, and oxidized in the presence of an oxygen-containing 
atmosphere to reform the disulfide links, cross-linking the keratin. Upon complete 
removal of the reducing solution, the partially-reduced keratin material was removed 
from the oxygen-free glovebox and immediately acidified to pH 2.0 (checked with litmus 
paper) by addition of a volume of concentrated formic acid (Fisher, 90.2% w/v). Acid 
was added in dropwise fashion very slowly to prevent generation of copius amounts of 
heat, under a fume hood under continuous stirring with a glass stir rod. Approximately 
2.5 milliliters of formic acid were used per 4.0-5.0 gram batch of keratin azure partially 
degraded in the reducing solution. Formic acid swells the keratin matrix, enhancing the 
solubility (151). The acidified, partially-reduced keratin slurry was then added to petri 
dishes containing individual masses of industrial/play sand (mostly carbonate sand with 
~0.1% organic matter) and thoroughly mixed to yield homogeneous mixtures of 
approximately low (~0% w/w) , moderate (~15% w/w/) , and high (~85% w/w) sand 
content. Petri dishes were then allowed to oxidize under a fume hood for 48 hours, after 
which they were moved to a drying oven at 60 degrees Celsius. Following 24 additional 
hours in the drying oven, materials were broken up and coarsely ground with a ceramic 
mortar and pestle to yield granular materials. Following their grinding, coated sand 
products were returned to the oven for 24 hours of additional drying. After 96 total hours 
of oxidation, or drying, the coated sand products were no longer decreasing in total mass 
due to the volatilization of solvents, and were removed from the drying oven.  
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Purification of the coated sand products was achieved by boiling in deionized 
water for 30 minutes. The products were then removed by filtration using 45-micrometer 
glass-fiber microfilters, resuspended in fresh deionized water, and the boiling process 
was repeated for a total of three times. The purified coated sand products were then 
placed in a drying oven for 12 hours, or overnight to dry. The final concentrations of sand 
were calculated by recording the masses of sand added to each petri dish prior to addition 
of acidified and reduced keratin, as well as the final total masses of dried hydrophobic 
biopolymer-coated sand products containing the same. Such concentrations were very 
close to the target concentrations. Accordingly, products containing zero percent sand 
were labeled 0% CSP, products containing 15.4 percent sand were labeled 15.4% CSP, 
and products containing 87 percent sand were labeled 87% CSP. 
 
Air drying achieves several tasks in addition to oxidation of cysteine residues. 
Namely, it removes water and residual solvents such as ammonium thioglycolate, 
ammonium hydroxide, and pyridine. Boiling in water further removes any thioglycolate 
from the products, rendering a very safe, pure keratin-containing material for 
environmental use. (151) describes the use of medical implants produced using the 
dissolution and cross-linking methods employed in this study. Thus, toxicity of potential 
residual solvents and/or unfixed dye molecules is not of great concern in this study.    
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3.3 PHYSICAL AND CHEMICAL CHARACTERIZATION OF SELECTED HYDROPHOBIC 
BIOPOLYMERS AND HYDROPHOBIC BIOPOLYMER-COATED SAND PRODUCTS 
 
The following sections of this document include general procedures used in the 
chemical and physical analysis of hydrophobic biopolymers and hydrophobic 
biopolymer-coated sand products isolated and prepared for use in the present study, 
namely:  
 Solution-State 1H and 13C Nuclear Magnetic Resonance (SS-NMR) of tomato peel 
cutin and cellulolytic enzyme lignin 
 Elemental Analysis of tomato peel cutin, cellulolytic enzyme lignin, and 0% 
hydrophobic biopolymer-coated sand products 
 Loss-On-Ignition (LOI) test for tomato peel cutin, cellulolytic enzyme lignin, 
purified keratin azure, and 0% hydrophobic biopolymer-coated sand products 
 Bulk porosity, bulk density, specific density, particle size distribution, and 
estimated hydraulic conductivity of hydrophobic biopolymer-coated sand 
products (0%, 15.4%, and 87%) and industrial/play sand  
 




C Nuclear Magnetic Resonance 
 
Samples of tomato peel cutin and cellulolytic enzyme lignin were prepared for 
SS-NMR analysis by first adding approximately 25.0 milligrams of material to a small 
beaker along with one milliliter of deuterated solvent. For tomato peel cutin, chloroform-
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d (Cambridge Isotope Laboratories, 99.8% w/v, TMS added) was used as the solvent. In 
the case of cellulolytic enzyme lignin, however, Dimethyl Sulfoxide (DMSO) (d6, 
Cambridge Isotope Laboratories, 99.9% w/v, without TMS added) was used, which 
required addition of TMS prior to analysis for a reference. The beaker and its contents 
were then sonicated and/or vortex mixed for approximately 20 minutes, or until all 
material was completely dissolved. A small amount of “clean” (unbleached) cotton was 
then inserted into a disposable glass pipet tip and packed securely in place with a glass 
stir rod. Following preparation of the pipet tip, the deuterated biopolymer solution was 
filtered through the cotton to remove any water impurities into a five millimeter glass 
tube (Fisher, seven inch) for analysis. The one milliliter volume of deuterated solution 
filled the five millimeter glass tube up to approximately two inches, which is the required 




H spectra and qualitative 
13
C spectra were obtained using a 500 
MHz Varian INOVA SS-NMR analyzer (University of Texas at Austin NMR 
Laboratory). A flip angle of 15 degrees and a recycle/delay time of approximately six 
seconds were used for the 
1
H scan, while a flip angle of 30 degrees and a recycle/delay 
time of approximately four seconds were used for the 
13
C scan. Signal peaks within the 
13
C spectra were correlated to specific carbon types as presented in Table 3.1. Chemical 
shift ranges for analysis of the 
1
H spectra were approximately analogous to 
13
C ranges by 
relation of groups to each other, but are more difficult to generalize. Tomato peel cutin 
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and cellulolytic enzyme lignin spectra were compared to that obtained by (40, 28, 29, 22, 




C Chemical Shift Ranges 
Carbon Type 
13
C Chemical Shift Range (parts per million) 
  
Alkyl (Paraffinic)-C 
Amorphous (“rubbery”) Paraffinic-C 

















3.3.2 Elemental Analysis  
 
Total Carbon and Total Nitrogen were determined for tomato peel cutin, 
cellulolytic enzyme lignin, and zero percent coated sand products using a Carbon-
Hydrogen-Nitrogen (CHN) elemental analyzer coupled to an isotope ratio mass 
spectrometer (University of Texas Marine Science Institute). Total organic carbon 
content was assumed to be approximately equal to total carbon content, due to the carbon 
in cutin, lignin, and keratin being almost exclusively associated with organic matter. In 
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order to further support this assumption, organic matter content of each of the 
hydrophobic biopolymers was determined by Loss-On-Ignition (LOI) tests, which are 
described in the following section of this document. The organic carbon content was also 
assumed to have been relatively unchanged in keratin azure with pyridine extraction, 
alkaline reduction, and air oxidation. Therefore, the organic carbon content of both 
keratin azure and purified keratin azure was assumed to be approximately equal to that of 
the zero percent coated sand product.  Fraction of organic carbon was calculated for 
hydrophobic biopolymers and hydrophobic biopolymer-coated sand products by Equation 
3.1, using the total carbon results, where fOC represents the fraction of organic carbon in 
the sample, Mtot,C is the mass of total [organic] carbon in milligrams, and Mtot,samp is the 
total sample mass in milligrams. As discussed later in this document, the fraction of 
organic carbon obtained for the zero percent coated sand product must be normalized to 
the fraction of hydrophobic biopolymer when applied to obtain a fraction of organic 
carbon for coated sand products with a nonzero mass fraction of sand. 
 
    
      
         
 
Equation 3.1: Fraction of Organic Carbon 
 
Total nitrogen content of the zero percent coated sand product was used to 
determine the effectiveness of drying and boiling on removal of nitrogen-containing 
solvents in the coated sand product preparation process. Such evaluation is useful in 
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analyzing for any potential environmental toxicity of keratin-coated sands produced in 
this manner. Total nitrogen content of purified keratin azure was estimated from (159) 




Organic matter content was measured for tomato peel cutin, cellulolytic enzyme 
lignin, purified keratin azure, and zero percent coated sand product by Loss-On-Ignition 
(LOI). Hydrophobic biopolymers and hydrophobic biopolymer-coated sand products 
were first dried overnight (or 12 hours) in a drying oven at 105-110 degrees Celsius. 
Upon removal from the drying oven, the samples were allowed to cool to room 
temperature inside of a dessicator in order to minimize the effects of atmospheric 
moisture on sample mass. A mass of each hydrophobic biopolymer and hydrophobic 
biopolymer-coated sand product was then placed into a small aluminum weigh boat and 
combusted for 12 hours at 550 degrees Celsius in a combustion oven. Following 
combustion, samples were removed from the oven and allowed to return to room 
temperature once more in a dessicator. The mass of material remaining on each 
aluminum weigh boat was then recorded and used as the mass of total inorganic carbon 
present in each sample. Fraction of Organic Matter was calculated by Equation 3.2, 
where fOM represents the fraction of organic matter, MIC is the mass of inorganic carbon 
in milligrams, and Mtot,samp is the total sample mass in milligrams. 
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Equation 3.2: Fraction Organic Matter 
 
3.3.4 Bulk Porosity, Bulk Density, Specific Density, Particle Size Distribution, and 
Estimated Hydraulic Conductivity  
 
Samples of hydrophobic biopolymers and industrial/play sand were allowed to 
dry in a drying oven at 105-110 degrees Celsius for 12 hours or overnight. Dry mass of 
each sample was then measured following removal from the oven and cooling to room 
temperature in a dessicator. Dry bulk density was measured by recording the mass of 
dried material required to fill a given graduated cylinder volume. For the purposes of this 
study, wet bulk density was assumed to be approximately equal to dry bulk density, as all 
materials tested are highly hydrophobic. The relation used to calculate dry bulk density is 
given by Equation 3.3, where ρb,d denotes dry bulk density in grams per milliliter, Md 
represents dry mass in grams, and V denotes dry volume in milliliters. 
 




Equation 3.3: Dry Bulk Density 
 
Specific density was measured by first recording the dry mass of a certain 
quantity of sample following removal of moisture at 105-110 degrees Celsius for 12 
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hours (or overnight) and cooling in a dessicator as before. Secondly, the sample was 
immersed in a given volume of deionized water in a graduated cylinder. The change in 
volume in the graduated cylinder was then recorded immediately for calculation of dry 
specific density as presented in Equation 3.4, where ρs,d represents dry specific density in 
grams per milliliter, Md represents dry mass in grams, and Δv0 denotes change in volume 
at time zero in milliliters. The volume at some time greater than zero, however, would not 
significantly differ from the change in volume at time zero, or immediately after 
immersion. This is due, once again, to the non-swelling behavior of the hydrophobic 
biopolymer-coated sand products. For this reason, wet specific density and dry specific 
density are approximately equal to each other as well. Dry specific weight was obtained 
by multiplying specific density by the acceleration of gravity as shown by Equation 3.5, 
where γd represents the dry specific weight of sample in newtons per cubic meter, ρs,d 
represents dry specific density in grams per milliliter, and g represents the acceleration of 
gravity in meters per second squared. 
 
    
  
   
 
Equation 3.4: Dry Specific Density 
 
                 
Equation 3.5: Dry Specific Weight 
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Dry (or wet) bulk porosity was calculated for samples of hydrophobic 
biopolymers and industrial/play sand using values obtained for dry (or wet) bulk and 
specific densities as given by Equations 3.3 and 3.4, respectively. Equation 3.6 presents 
the relationship used for such calculations, where εb,d denotes dry (or wet) bulk porosity, 
ρb,d denotes dry (or wet) bulk density in grams per milliliter, and ρs,d denotes dry (or wet) 
specific density in grams per milliliter. 
 
      
   
   
 
Equation 3.6: Dry/Wet Bulk Porosity 
 
Particle size distribution of each of the hydrophobic biopolymer-coated sand 
products and industrial/play sand in bulk were determined by sieve analysis. A mass of 
material was first placed in the top of several consecutively finer sieves stacked on top of 
a bottom pan, including  US standard sieve sizes No. 10, No. 20, No. 40, No.50, No. 60, 
No. 100, No. 140, and No. 200, respectively. Following agitation for ten minutes on a 
sieve shaker (Gilson), the fraction by mass of material remaining after each sieve was 
passed was calculated as the difference in final and initial mass of the sieve, and was 
plotted against sieve opening size to obtain a particle size distribution. Determination of 
the intrinsic permeability for hydrophobic biopolymer-coated sand products and 
industrial/play sand placed in bulk was made empirically therefrom using the particle size 
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distribution for each. Such a method was the only option available due to the large mass 
(and volume) required for permeameter testing and the small volume actually available.  
 
As described by (175), intrinsic permeability may be correlated with a 
characteristic particle size as shown in Equation 3.7, or an entire distribution of particle 
sizes as shown in Equation 3.8. In Equation 3.7, d is a characteristic particle diameter in 
centimeters and k is the intrinsic permeability in square centimeters. In Equation 3.8, k is 
the intrinsic permeability in square centimeters, E is approximately five, and B is a shape 
factor equal to six for spherical particles and 7.7 for highly angular ones. In the present 
study, B is taken as the average of 6 and 7.7, or 6.85. Additionally, P is the percent by 
mass of the material between two particle sizes, εb,d is the bulk porosity of the material, 
and dm is the geometric mean of the two particle sizes corresponding to P in centimeters. 
 
               






       
 
   
  
 









Equation 3.8: Fair-Hatch Intrinsic Permeability 
 
As may be inferred from the above relationships, Equation 3.7 is most valid for 
materials of very uniform particle size. However, by defining a uniform particle size 
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approximately equal to d90, the sieve opening in which 90 percent by mass of the material 
is retained, Equation 3.7 may be used for materials of varied particle diameters. Equation 
3.8, for comparison, takes into account much more information, such as the entire 
distribution of particle sizes, as well as the shape and bulk porosity of the particles.  
 
Darcy hydraulic conductivity of water through the hydrophobic biopolymer-
coated sand products and industrial/play sand placed in bulk was calculated from the 
intrinsic permeability of each by Equation 3.9, where U represents the Darcy Hydraulic 
Conductivity in meters per second, k equals the intrinsic permeability of the material in 
square meters, µw is the dynamic viscosity of water in newtons-seconds per square meter, 
ρw is the density of water in kilograms per cubic meter, and g is the acceleration of 
gravity in meters per second squared.  
 
   
   
  
 
Equation 3.9: Darcy Hydraulic Conductivity 
 
3.4 BATCH KINETICS AND EQUILIBRIUM SORPTION TESTS OF SELECTED 
HYDROPHOBIC BIOPOLYMERS, HYDROPHOBIC BIOPOLYMER-COATED SAND 
PRODUCTS, AND OTHER AMENDMENTS  
 
Experiments were designed to produce systems comprised of a solid phase 
initially devoid of PAHs and an aqueous phase having initial concentrations of selected 
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PAHs just below their respective half-solubilities, which, after reaching physiochemical 
equilibrium, have PAHs present in the aqueous phase at concentrations just above their 
respective conservative minimum detection limits. Equation 3.10 was used to determine 
the approximate vessel/system volume required for each of several biomaterials to 
exclusively comprise a given mass of solid inside such a system containing the PAHs 
naphthalene, phenanthrene, and pyrene. Such biomaterials included tomato peel cutin, 
cellulolytic enzyme lignin, keratin azure, purified keratin azure, [0%, 15.4%, and 87%] 
coated sand products, and other capping materials. In Equation 3.10, Vvessel is the vessel 
volume in liters, Msolids is the solids mass in kilograms, Cinit is the initial aqueous 
concentration of a given PAH in milligrams per liter, Cfin is the equilibrium (or final) 
aqueous concentration the PAH in milligrams per liter, and Ws is the equilibrium (or 
final) solids concentration of the PAH in milligrams per kilogram.  
 
   
                   
       
 
Equation 3.10: Batch Test Design 
 
Also expressed as the mass of the compound of interest per mass of solids, Ws 
was represented in terms of a final aqueous PAH concentration by either a linear or 
Freundlich isotherm model. Respectfully, these models are presented by Equation 3.11  
and 3.12, where KD is the linear partitioning coefficient in liters per kilogram, Kf is a 




, and n is a dimensionless 
constant. Of course, Equations 3.11 and 3.12 necessarily assume the PAH is not in 
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competition with other PAHs. By substituting the linear and/or Freundlich relationship 
for Ws, Equation 3.10 may be solved for its roots to determine batch test design 
parameters, using linear and/or Freundlich isotherm parameters estimated from literature 
(40, 15). 
 
          
Equation 3.11: Linear Isotherm Model 
 
         
  
Equation 3.12: Freundlich Isotherm Model 
 
Following the design of the batch tests, initial aqueous solutions were prepared by 
first dissolving approximately 1.3 grams of NaN3 to two liters in a volumetric flask with 
deionized water to yield 0.01 molar NaN3. The resulting solution was then placed on a 
magnetic stir plate and spiked with an appropriate volume of naphthalene, phenanthrene, 
and pyrene stock solutions under continuous stirring to obtain the desired target initial 
concentrations. After spiking, the volumetric flask was then filled to minimal head space 
with deionized water, stopped using a glass stopper, sealed with parafilm, and covered in 
aluminum foil. Initial solutions were allowed to continue stirring for three to four hours 
until all PAHs were dissolved. In order to account for the increased volume of solution 
prepared to minimize head space in the flask, the volume of spike solutions added was 
increased slightly.  
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Table 3.2 presents target concentrations for naphthalene, phenanthrene and 
pyrene, along with the amount of spike solutions used to prepare initial solutions for each 
batch of systems. The volumes of spike solutions used for the preparation of initial 
solutions were slightly lower than those presented in Table 3.2 only for the two materials 
containing 75 percent apatite. This was due to the fact that allowance was not made in 
those tests for the extra volume of initial solution added to minimize the head space in the 
two liter volumetric flask.   
 

























Target Initial Concentrations 






       
1 6.4 12 55 25 25 25 
2 14 23 78 50 50 35 
3 28 44 99 100 100 45 
4 55 88 121 200 200 55 
5 137 220 143 500 500 65 
 
Five batch tests, or five point isotherms, were used for all materials with an 
exception to the conventional amendments containing zeolite, which used four-point 
isotherms. In the case four point isotherms were obtained, the volumes of spike solutions, 
and subsequently the target initial concentrations, were the same as for the first four 
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points used on the five point isotherms. In each batch of systems, a mass of solid 
materials were weighed out and placed in each of X glass amber bottles which were 
designated as samples, while no solid materials were added to an additional X bottles 
which were designated as blanks. Teflon tape was used around the threads of the vessels 
to assure that there were minimal mass losses due to leaking. The vessels were then 
carefully filled to zero head space with the initial sample solution prepared previously, 
capped with Teflon-covered caps, and allowed to tumble for a number of days.  
 
Prior to performance of batch equilibrium sorption testing, kinetics of sorption 
was measured. In kinetics tests, X equaled five. Each one of the five sets, each containing 
one sample (solids-containing) vessel and one blank (contains no solids) vessel, were 
used to measure the equilibrium partitioning coefficient for naphthalene, phenanthrene, 
and pyrene onto tomato peel cutin, cellulolytic enzyme lignin, keratin azure, and 0% 
coated sand product after a given tumbling time. Accordingly, the five tumbling times 
were two, four, seven, 14, and 21 days, yielding a five-point kinetics curve.  Batch 
equilibrium testing was then performed using a conservative tumbling time as estimated 
by the kinetics testing, using an X value of three. Triplicates of each sample and blank 
vessel were taken for kinetics batches for a total of three measurements per vessel. 
However, one measurement was taken from each of the sample and blank vessels in 
equilibrium batches, yielding three independent repeats per vessel. Table 3.3 presents 
vessel volumes at zero head space, target masses of solids added to each sample vessel, 
and the tumbling times used for each vessel. 
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Tomato Peel Cutin 65 25 14 
Cellulolytic Enzyme Lignin 67 15 14 
Keratin Azure 67 25 14 
Purified Keratin Azure 67 25 14 
0% Coated Sand Product 67 25 14 
15.4% Coated Sand Product 67 25 14 
87% Coated Sand Product 67 25 14 
75% apatite and 25% organoclay 257 100 7 
    
75% apatite, 20% organoclay, 2.5% 
guar gum, and 2.5% xanthan gum 
257 100 7 
    
25% (w/w) organoclay (CETCO PM-
199), 25% (w/w) zeolite 
(Clinoptilotilte), 25% (w/w) NC apatite, 
and  25% (w/w) acid-washed sand 
257 70 7 
    
25% (w/w) organoclay (CETCO PM-
199), 50% (w/w) zeolite 
(Clinoptilotilte), and  25% (w/w) acid-
washed sand 
257 70 7 
    
25% (w/w) organoclay (CETCO PM-
199) and 75% (w/w) zeolite 
(Clinoptilotilte) 
257 70 7 
    
50% (w/w) organoclay (CETCO PM-
199) and 50% (w/w) zeolite 
(Clinoptilotilte) 
257 70 7 
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Samples of the initial solution were taken from the two liter volumetric flask 
before and after filling the bottles and analyzed via High Performance Liquid 
Chromatography (HPLC). Such sampling allowed determination of any losses of HOC 
mass during the filling of the vessels. Following tumbling, samples were taken from the 
tumbler and allowed to sit for 30 minutes prior to being sampled. Such sampling allowed 
the determination of any losses in the blanks with respect to HOC masses during the 
tumbling period, as well as equilibrium HOC concentrations in the sample vessels. In the 
case natural settling was insufficient to settle all particles, samples were centrifuged for 
20 minutes at 3,000 rounds per minute. Following settling of the solid particles, samples 
were taken from the supernatant of each bottle and analyzed via HPLC. Equilibrium 
solids concentration, Ws, was plotted against equilibrium aqueous concentration, Cfin for 
each solid tested. Linear and Freundlich model parameters were taken from the best-fit 
solutions of Equations 3.11 and 3.12, respectively to the plotted Ws and Cfin data. 
 
Samples were analyzed using a Waters 2795 Separations Module equipped with a 
Luna (Phenomenex) 5u C18(2) 100A column (250x4.6 millimeters, five micron). 
Instrument methods used a flow of one milliliter per minute, a carrier solution 
composition of 15% (v/v) deionized water: 85% (v/v) acetonitrile (acetonitrile from 
EMD, 99.9% w/v, HPLC grade), and a column temperature of 40 degrees Celsius. 
Ultraviolet and fluorescence signals of the separated output were obtained using a Waters 
996 Photodiode Array Detector and a Waters 2475 Multi λ Fluorescence Detector, 
respectively. Ultraviolet signals were taken at a wavelength of 254 nanometers.  
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Fluorescence detector excitation wavelengths used were 250 nanometers from 0 
minutes to 5.3 minutes, 244 nanometers from 5.3 minutes to 6.5 minutes, and 295 
nanometers from 6.5 minutes to 10.0 minutes (the total run time of the method).   
Emission wavelengths used were 340 nanometers from 0.0 minutes to 5.3 minutes, 360 
nanometers from 5.3 minutes to 6.5 minutes, and 390 nanometers from 6.5 minutes to 
10.0 minutes. The approximate retention times for naphthalene, phenanthrene, and pyrene 
using the above methods were 4.7, 5.9, and 7.2, minutes, respectively.  
 
3.5 FEASIBILITY ANALYSIS OF HYDROPHOBIC BIOPOLYMERS AND HYDROPHOBIC 
BIOPOLYMER-COATED SAND PRODUCTS  
 
Following their preparation, physiochemical characterization, and measurement 
of sorption capacity for HOCs, each of the hydrophobic biopolymers were evaluated in 
terms of their ability to form economical, nontoxic, environmentally stable, and sorptive 
coatings on sand grains. A hydrophobic biopolymer was then chosen for continued study 
which had the largest feasibility factor, F, which is described by Equation 3.13. In 
Equation 3.13, F is a dimensionless feasibility factor used to define feasibility in the 
present study, wi is a weight factor corresponding to the i
th
 term between zero and one, 
and RVi is a rating value corresponding to the i
th
 term. Equation 3.13 was used to 
populate a decision matrix as presented in Table 3.4. 
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Equation 3.13: Feasibility Factor 
 
Table 3.4: Decision Matrix 
Hydrophobic 
Biopolymer 

















     
Tomato Peel 
Cutin 
    




    
     
Keratin 
Azure 
    




    
 
Table 3.4 graphically presents weighted components which sum to F for each of 
the hydrophobic biopolymers studied. These weighted rating terms may be described as 
the weighted sorption capacity of a given biopolymer normalized to the sorption capacity 
of a typical activated carbon (w1RV1), the weighted material cost of bulk carbonate sand 
normalized to the chemical cost of a given biopolymer (w2RV2), and a weighted 
environmental stability and toxicity factor for a given biopolymer (w3RV3).  
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Relationships presenting the formulation of RV1 and RV2 in particular are presented in 
Equation 3.14 and Equation 3.15, respectively, where KD is the equilibrium linear 
partitioning coefficient of the prepared hydrophobic biopolymer in liters per kilogram, 
KD,AC is the equilibrium linear partitioning coefficient of the activated carbon in liters per 
kilogram, ρb,d is the dry bulk density of the hydrophobic biopolymer in kilograms per 
cubic meter, ρb,d,sand is the dry bulk density of carbonate sand in kilograms per cubic 
meter, and UCsand is the cost (USD) per kilogram of bulk carbonate sand. In the 
summation term, r equals the number of reagents (reducing agents, hydrolysis agents, 
acid, etc.) required to prepare and isolate the hydrophobic biopolymer, fj is the mass of 
reagent required per mass of prepared hydrophobic biopolymer in kilograms per kilogram 
corresponding to the j
th
 reagent, and UCj is the cost (USD) per mass of the reagent 
corresponding to the j
th
 reagent. Obviously, fj may be appropriately determined by several 
of equally valid methods, depending on the particular case: 
 Stoichiometry- The number of sites in a source material reactive to a given 
reagent is exactly the same type and number of sites reactive on the prepared 
hydrophobic biopolymer to the given reagent. Therefore stoichiometry of known 
reactions may be used to determine the number of moles, and subsequently the 
mass, of reagent required to facilitate the formation of reaction products which 
include a given mass of the prepared hydrophobic biopolymer.  
 Over- or Under-Estimate With Respect to Stoichiometry- The number of total 
sites and/or number of site types in a source material reactive to a given reagent 
may be greater or less than the number of total sites and/or number of site types 
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reactive to the given reagent in the prepared hydrophobic biopolymer, 
respectively. This could be due to mass-transfer limitations of the reagent to the 
source material sites, for example, or a large number of undesired reactions within 
the source material which must necessarily take place to complete the desired 
reactions. In addition to the mass of reagent required to react with the number and 
type(s) of sites present in the prepared hydrophobic biopolymer, however, the 
mass of reagent required to account for the difference in the number and types of 
sites present in the source material is known. Accordingly, the mass of reagent 
required per mass of prepared hydrophobic biopolymer remains to be a function 
of the reactive fraction in the prepared hydrophobic biopolymer. This may be the 
case described by the estimation of potassium hydroxide mass required to 
hydrolyze oxygen-containing groups and release materials which are not 
exclusively comprised of cutin. In addition, it may also be the case described by 
the estimation of enzyme mass required to cleave lignin-cellulose bonds and 
release a material containing polar components in addition to cellulolytic enzyme 
lignin.  
 Estimate Without Respect to Stoichiometry- The undesired reactions within the 
source material may be taking place between an unknown number of site types 
and/or total sites.  In addition, mass transfer limitations may be too complex to be 
fully characterized.  Accordingly, the mass of reagent required per mass of 
prepared hydrophobic biopolymer does not remain to be a function of the reactive 
fraction in the prepared hydrophobic biopolymer. 
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Equation 3.14: Normalized Sorption Capacity 
 
    
              
         
 
   
 
Equation 3.15: Normalized Chemical Cost  
 
Values for UCj may be estimated from indicative bulk chemical costs (176) and 
indicative bulk chemical distributor costs, depending on the geographic area. For the 
purposes of the present study, sorption capacity rating values were normalized to the 
sorption capacity of activated carbon, and chemical cost was inversely normalized to the 
bulk material cost of carbonate sand. This was due to activated carbon and carbonate 
sand comprising, respectfully, the approximate highest sorption capacity and lowest 
material cost in industry. Normalization to the highest sorption capacity and the lowest 
chemical cost observed out of all the biopolymers was not performed. While proving 
somewhat useful in determining relative chemical costs and sorption capacities between 
the particular biopolymers studied, such a method does not acceptably represent the 
impact of the overall magnitude of chemical cost or sorption capacity in relation to 
typical industry values.  
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Equation 3.15 is also not a function of the amount of solvents needed for 
dissolutions, purifications, and extractions, for example, because solvents are assumed to 
be 100 percent recycleable in the present study. Extractions performed in industrial-sized 
soxhlet reactors, for example, would not require an amount of extraction solvent(s) as a 
function of mass of extractable source material, or subsequently, the number of 
extractions of source materials required. Any solvents containing solutes may also be 
recovered from rotoevaporators in near theoretical efficiencies if multiple condensers are 
used in series. Only reagents were considered in the comparative cost of hydrophobic 
biopolymer preparations, which are defined in the present study as the exhaustible 
chemicals or biological agents required.  
 
Noticeably, neither the cost nor the current commercial availability of the required 
waste source materials were considered in the present study as well, in order to simplify 
the calculation of RV2. Such omissions do not necessitate the assumption that the cost of 
waste biomaterials containing the desired hydrophobic biopolymers should be 
approximately zero, however, although the relatively negligible cost of samples of spruce 
chips and tomatoes for the present study supports that assumption. In fact, large bulk 
quantities of these waste biomaterials may actually have a significant overall project cost. 
The necessary assumption, rather, is that, on a per-unit basis, the bulk source-material 
cost may be insignificant in relation to the cost of chemicals required to process them into 
usable forms. A potentially challenge to the validity of insignificant material costs would 
be keratin azure, which is marketed for academic use and has a very high cost (Sigma-
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Aldrich, $115 USD per five grams, March 2010). Due to its necessary modifications, the 
cost of keratin azure happened to remain proportionally small in comparison to the cost 
of high-purity research chemicals use in its various modifications. However, in any case, 
prices for materials and chemicals for academic use are obviously not representative of 
the potential cost (or intrinsic value) of bulk (undyed) sheep’s wool and less-pure bulk 
chemicals which may be substituted for keratin’s use in a capping environment. Rationale 
for the negligible material cost assumption and no consideration of the commercial 
availability of source biomaterials may also be based on the premise that a large supply 
of waste products are available which contain the required biomaterials. Upon existence 
of a small demand in the presence of a large supply, source biomaterials may be marketed 
and competitively priced. The lack of a currently available market for anything other than 
keratin azure is irrelevant with respect to the availability of sources.    
 
In addition to the aforementioned items, carbonate sand placed in bulk has a zero 
cost associated with chemicals used for its preparation from the material purchased. Its 
use as a standard of normalization to chemical costs may not immediately seem obvious. 
An argument supporting the validation of carbonate sand as a normalization standard may 
be supported by the fact that the bulk material cost of carbonate sand is approximately 
less than or equal to that of any bulk waste biomaterials used in the isolation and 
preparation of the hydrophobic biopolymers studied. Moreover, the bulk material cost of 
hydrophobic biopolymers removed from such waste materials, along with the bulk 
material cost of sand products amended with the same hydrophobic biopolymers, are 
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necessarily higher than the bulk material cost of carbonate sand due to the additional cost 
of chemicals required for their isolation and preparation.  
 
Following the preparation of hydrophobic biopolymer-coated sand products, a 
similar decision matrix procedure may be used to analyze the effect of varying sand 
content on F. In such a case, “hydrophobic biopolymer-coated sand product” would 
replace “hydrophobic biopolymer” in the above relationships. The bulk density, ρb,d 
would be for the bulk hydrophobic-biopolymer coated sand product, and fj would equal 
the mass of reagent required per mass of hydrophobic biopolymer-coated sand product. 
Estimation of fj may be made based on the first case described or stoichiometry. In other 
words, the mass of ammonium thioglycolate required may be determined from exactly a 
known mass of cystine groups in the source material, unpurified keratin azure, and 
prepare a given mass of hydrophobic biopolymer product. A parameter representing the 
mass of prepared hydrophobic biopolymer per mass of hydrophobic biopolymer-coated 
sand product is not required in the denominator of Equation 3.15 due to it already being 
inherent in fj. In the estimation of UCj, the cost per mass of thioglycolic acid may be used 
as the cost per mass of ammonium thioglycolate. Ammonium is just used as a cation 
because of the additional aid in the swelling of the biopolymer matrix.  
 
In order to most accurately determine the most feasible of the hydrophobic 
biopolymers, however, for continued study as coatings on sand grains, consideration must 
be made in the feasibility analysis of those hydrophobic biopolymers to include the 
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estimated cost of reagents required to produce coated sand products from the same. An 
example of the significance of this issue may be described by the relative feasibility of 
tomato peel cutin and keratin azure. In relation to other hydrophobic biopolymers, keratin 
azure is obviously at an advantage for being chosen for future study in the present 
method, due to its relatively nonexistent cost requirements for isolation and very small 
cost requirements for purification. However, it requires significant cost in order to render 
it suitable for coating sand grains. Tomato peel cutin, on the other hand, requires 
significant initial preparation costs, but can be used to coat sand grains without any 
additional cost. This is due to the low melting point of cutin and ability to natural-cross 
link (after cooling).  Therefore, it is conceivable that the most feasible hydrophobic 
biopolymer to prepare and use in bulk may not be the most feasible hydrophobic 
biopolymer to use in the preparation of hydrophobic biopolymer-coated sand products.  
Although such a shortcoming in the aforementioned method is significant, it was not 
investigated in the present study due to only one of the hydrophobic biopolymers studied 
being chosen to coat sand products. In other words, methods were not developed for 
coating sand particles using tomato peel cutin and cellulolytic enzyme lignin, thus, the 




3.6 FINITE DIFFERENCE SIMULATION OF THE TRANSPORT OF NAPHTHALENE 
THROUGH A THIN-LAYER CAP COMPRISED OF HYDROPHOBIC BIOPOLYMER-COATED 
SAND PRODUCTS 
 
In the present study, a finite difference solution was achieved for the linear one-
dimensional transport equation, without reaction, through a sorbing porous media. The 
numerical solution was then compared to an existing analytical solution for a given set of 
transport parameters in order to determine the numerical error of the model. Such a 
solution was used to simulate the fate and transport of naphthalene though a thin cap 
comprised of sand only, hydrophobic biopolymers only, and hydrophobic biopolymer-
coated sand products. Such simulations could also be used in laboratory column 
simulation of contaminant fate and transport through and within cap hydrophobic 
biopolymers and hydrophobic biopolymer-coated sand products. During column studies, 
sorption parameters are verified and contaminant breakthrough curves are determined by 
passing an aqueous solution containing the dissolved contaminant through a length of 
capping material in a column.  Dispersion coefficients are estimated by first conducting a 
tracer test on the column. Figure 3.1 illustrates an example column setup in which the 




Consider a cylindrical column of finite domain such as the one illustrated in 
Figure 3.1. Performing a mass balance for contaminant A (not the water) on a differential 
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element in a finite region yields Equation 3.16, where parameters used in the formulation 
are described in Table 3.5. 
 
 
Figure 3.1: Column Apparatus 
 
The following assumptions are made for developing the specific form of the 
transport equation: 
 Only a single contaminant is present in the system. If multiple contaminants are 
present, they must be at low enough concentrations to assume no competition for 
sorption sites 
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 No other reaction takes place in the system other than sorption to solids 
 Sorption media is saturated with no air space 
 Sorption to black carbon may be considered negligible for the residence times the 
model will be used for. Therefore, only sorption to natural organic carbon is 
considered 
 The contaminant in the water phase achieves local equilibrium with the media and 
dissolved organic matter 
 The effective dispersion coefficient is constant in both space and time 
 
 
                    
                     
                     
 
  
                          
                    
         
   
                         
                   
          
 
  
                     
               
                





                            
 
     
 
    
  
        
     
   
 
Equation 3.16: Mass Balance 
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Table 3.5: Variable Descriptions 
Parameter Description Units 
   
εb,d 
water-filled porosity in the control volume, 
or total volume of water-filled voids 
divided by the total volume 
liters water per liters total 
volume 
   
CA,W concentration of A in the water milligrams A per liter water 
   
ρb,d 
dry bulk density of the media in the control 
volume 
kilogram dry media per liter 
total volume 
   
WS concentration of A on the media 
milligrams A per kilogram 
dry media 
   
WDOC 
concentration of A on Dissolved Organic 
Colloids (DOC) 
milligrams A per kilogram 
dry colloids 
   
ρDOC 
concentration of DOC in the control 
volume 
kilogram dry colloids per 
liter total volume 
   
U Darcy velocity centimeters per day 
   
Ddisp dispersion coefficient 
square centimeters per 
second 
 
Specific formulation of each of the above parameters may be found in (177-180). 
All length scales are in centimeters. ρDOC may be obtained by multiplying CDOC, or the 
concentration of DOC in water in kilograms dry colloids per liter water, by the water-
filled porosity, εb,d. The Darcy velocity, U is obtained by multiplying the interstitial 
velocity by the water-filled porosity, εb,d. The dispersion coefficient, Ddisp in square 
centimeters per second, is given by Equation 3.17, where DA,W is the molecular diffusion 
coefficient of contaminant A through the water in square centimeters per second, DBrownian 
is the Brownian diffusion coefficient for the colloids in water in square centimeters per 
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second, KDOC is the linear overall DOC-water partitioning coefficient for contaminant A 
in liters water per kilogram dry colloids, and αD is the dispersivity in centimeters. The 
dispersivity may be approximated by Equation 3.18, where L is the length of the column 
in meters. The diffusion coefficient of contaminant A through water, DA,W, may be 
estimated by Equation 3.19, where DB,W and MWB is the diffusion coefficient and 
molecular weight of a reference compound in water, respectively, and DA,W and MWA is 
the diffusion coefficient and molecular weight of contaminant A, respectively. An 
appropriate reference compound to use would be ethanol, with a molecular weight of 42 
grams per mole and diffusivity in water of approximately 10
-5
 square centimeters per 
second. 
 
            
 
                       
 
     
  
Equation 3.17: Dispersion Coefficient (177-180) 
 
          
 
   
 
   
     
Equation 3.18: Dispersivity (177-180) 
 
   
   
  
   
   
 
   
 
Equation 3.19: Diffusion Coefficient (177-180) 
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KDOC is given by Equation 3.20. The Brownian diffusivity may be estimated by 
Equation 3.21, where kB is the Boltzmann constant (1.3805E-06 (grams*square 
centimeters) per (square seconds*Kelvin)), rC is the colloid radius in centimeters, μW is 
the dynamic viscosity of water (0.01 grams per (centimeter*second)), and T is the 
absolute water temperature in Kelvin. 
 
                    
Equation 3.20: Overall DOC-Water Partitioning Coefficient (Linear) (177-180)  
 
          
   
      
 
Equation 3.21: Brownian Diffusivity (177-180) 
 
KOW is the octanol-water partitioning coefficient in (liters water per kilogram 
octanol), which may be related to KOC by the Karickhoff relationship (described by 
Equation 3.22). 
 
                   
Equation 3.22: Karickhoff Relationship (177-180) 
 
In the case of linear sorption of contaminant A to the media, the accumulation 
term may be represented by a dimensionless retardation factor, Rf, multiplied by the time 
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rate of change of contaminant A in the water phase. The simplified mass balance 
equation then becomes Equation 3.23, where Rf is the retardation factor given by 
Equation 3.24, and KD is the linear media-water partitioning coefficient given by 
Equation 3.25 in (liters water per kilogram dry media).  
 
  
    
  
   
 
     
 
    
  
        
     
   
 
Equation 3.23: Simplified Mass Balance 
 
                       
Equation 3.24: Retardation Factor 
 
          
Equation 3.25: Overall Media-Water Partitioning Coefficient (Linear) 
 
The fraction of organic carbon in the media is denoted by fOC. In the case where 
the type of organic carbon present within the media is more efficient or less efficient than 
natural organic matter at sorbing PAHs, the KOC value in Equation 3.25 may be the 
material-specific KOC, or the measured overall KD may be used as-is when the 
appropriate experimental data exists. 
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For the purposes of simplifying the above expressions for computational 
purposes, the governing transport equation may be non-dimensionalized as shown by 
Equation 3.26, where τ is the dimensionless time given by Equation 3.27, δ is the 
dimensionless distance given by Equation 3.28, u is the dimensionless concentration 









   
   
 
Equation 3.26: Non-Dimensionalized Transport Equation  
 
  
          
        
 






Equation 3.28: Dimensionless Distance  
 
  
   
      
 
Equation 3.29: Dimensionless Concentration  
 
 104 
   
     
         
 
Equation 3.30: Peclet Number 
 
In these expressions, CA,W(0) is the concentration of contaminant A at z equals 
zero in milligrams A per liter water, Ueff is the effective Darcy velocity given by 
Equation 3.31 in centimeters per second, Ddisp,eff  is the effective dispersion coefficient 
given by Equation 3.32 in square centimeters per second, and Rf,eff is the dimensionless 
effective retardation factor given by Equation 3.33. 
 
     
 
 
      
   
 
Equation 3.31: Effective Darcy Velocity 
 
          
     
   
 
Equation 3.32: Effective Dispersion Coefficient  
 
       
  
   
 
Equation 3.33: Effective Retardation Factor  
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3.6.2 Numerical Scheme 
  





 for the range of Darcy velocities typically found in non-tidal 
environments. In the case where Pe is less than two, upwind schemes are over-diffusive 
and central differencing schemes are preferred. However, when Pe is greater than two, 
central differencing schemes become unstable and the over-diffusiveness of upwind 
schemes becomes insignificant due to the dominating convective term.   
 
Spalding (181) developed a scheme which is identical to a central differencing 
scheme for local Peclet number in the range Pe greater than negative two and less than 
two. The scheme then reduces to an upwind differencing scheme when local Pe is outside 
of that range, where the diffusive term is set to zero. The result is a three-line 
approximation of the left-hand-side coefficients in the linear set. Shortcomings associated 
with this scheme include the cost of computing exponentials, departure from the exact 
solution when Pe equals plus or minus two, and the inability to handle the diffusive term 
when the absolute value of Pe is greater than two. A similar power-law scheme improves 
on this hybrid method and is described by Patankar (182). The power law scheme does 
not eliminate the diffusive term at any value of local Pe, does not require computation of 
exponentials, and makes use of a more accurate four-line approximation of the left-hand-
side coefficients (which apply in the local Peclet number ranges less than negative ten, 
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greater than negative ten and less than zero, greater than zero and less than ten, and 
greater than ten. 
 
For the purposes of this model, the power law scheme is more complex in the 
unsteady case than what is necessary. In light of the considerations discussed above, the 
convective term shall be discretized using a three-point second-order upwind scheme, 
while the diffusive term shall be discretized using a three-point second-order central-
differencing scheme. The Crank-Nicolson scheme shall be used for time discretization.  
 
In the case of linear sorption, the discretized transport equation then becomes 
Equation 3.34, using uniform spacing in both space and time and assuming the flow is 
always positive in the direction of z (183, 184). In Equation 3.34 and the equations which 
follow describing the discretization of the transport equation, i represents the current 
node index and n represents the current time step index. It should be noted that the index 
n should not be confused with the variable n (Freundlich n).  
 
  






     
              
   
   
             






     
              
   
   
             
     
  
   
 
Equation 3.34: Discretized Transport Equation  
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The assumption that flow is always positive in the direction of z is only valid for 
non-tidal environments or environments in which flow remains constant in one direction. 
Letting     
    
   
   and       
  
      
 , the above equation reduces to Equation 3.35. 
 
         
                   
                   
              
   
           
                
                 
 
          
  
Equation 3.35: Reduced and Discretized Transport Equation  
 
The resulting tetradiagonal linear set Ax equals b may be solved by first 
decomposing the coefficient matrix, A, into LU, where L and U are lower and upper 
triangular matrices, respectively. Following decomposition, forward substitution may be 
carried out to solve Ly equals b and backward substitution may be carried out to solve Ux 
equals y. An appropriate LU solver to be used in C++ is presented in Algorithm A: LU 
solver, and was adapted from (185), where N is the number of unknowns, p is the lower 
bandwidth of the linear set (coefficient matrix), and q is the upper bandwidth. 
 
In order to avoid confusion, it should be noted that L and U as they are used in 
Algorithm A are not variables, but matrices representing coefficients in the linear set of 
equations. They should not be confused with the variables L and U, which in this 
document represent the length of the column and Darcy velocity, respectively.  
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//Decomposition of A into L and U. The entry a[i][j] is  
//overwritten by l[i][j] if i>j and by u[i][j] otherwise 
for(k=0; k<=N-2; k++) 
{ 
 for(i=k+1; i<=min(k+p,N-1); i++) 
  a[i][k]=a[i][k]/a[k][k]; 
 for(i=k+1; i<=min(k+p,N-1); i++) 
  for(j=k+1; j<=min(k+q,N-1); j++) 
   a[i][j]=a[i][j]-(a[i][k]*a[k][j]); 
} 
 
//Forward substitution to solve Ly=b. The entry b[i] is  
//overwritten by y[i]. 
for(i=0; i<=N-1; i++) 
{ 
 sum=0; 
 for(j=max(0,i-p); j<=i-1; j++) 
 { 









//Backward substitution to solve Ux=y. The entry y[i] is  
//overwritten by x[i]. 
for(i=N-1; i>=0; i--) 
{ 
 sum=0; 
 for(j=i+1; j<=min(i+q,N-1); j++) 
 { 




Algorithm A: LU Solver (continued) 
 
3.6.3 Implementation of Initial and Boundary Conditions  
 
A Dirichlet boundary condition of u equals u(0) is applied at x equals zero for all t 
greater than zero. A Neumann boundary condition of  
  
  
 equals zero is applied at x 
equals L for all t greater than zero. As an initial condition, u equals zero for all 0<x<L. 
Alternatively, a dimensionless mass flux,                   
  
  
 may be specified as 
a Dirichlet boundary condition at x equals zero for all t greater than zero.  
 
In order to preserve second order accuracy as much as possible, a first order 
upwind differencing scheme scheme is not employed at node i equals two. Instead, u at 
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the second node is approximated using a central difference approximation for both the 
convective and diffusive terms. In this case, the system becomes Equation 3.36. 
 
  






     
         
   
   
             






     
         
   
   
             
     
  
   
 
Equation 3.36: Discretized Transport Equation for the Second Node 
 
Again, letting     
    
   
   and       
  
      
 , the above equation reduces to 
Equation 3.37. 
 
              
              
                 
     
               
            
                
  
Equation 3.37: Reduced and Discretized Transport Equation for the Second Node  
 
At the last node, a second-order central differencing scheme is applied to 





         
   
   
Equation 3.38: Neumann Boundary Condition  
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The above expression may be reduced to ui+1 equals ui-1. Substituting this into 
Equation 3.37 yields Equation 3.39, which was used as the system for the last node: 
 
           
              
              
            
  
Equation 3.39: Reduced and Discretized Transport Equation for the Last Node  
 
3.6.4 Exact Solution 
 
Exact solutions for the governing transport equation given by Equation 3.40 exist 
on both a finite and semi-infinite domain (186). In this case, R is the effective retardation 












Equation 3.40: One-Dimensional Transport Equation 
 
An exact solution for the semi-infinite domain is given by Equation 3.41: 









        
                









        
                                                        





       
 
 
     
     






    
  
 
      
     




Equation 3.41: Analytical Solution for a Semi-Infinite Domain (186) 
 









        
                









        
                                                        





          
       
   
      
  
   
   
    
  
   
   
 
      
  




   
 
   
 
Equation 3.42: Analytical Solution for a Finite Domain (186) 
 
, and where the eigenvalues, βm, are the positive roots of Equation 3.43: 
 
          
  
  
   
Equation 3.43: Eigenvalues for Finite Domain Solution  
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An approximate solution of a form similar to the solution on a semi-infinite 
domain is also given by Equation 3.44.  
 
       
 
 
     
     






    
  
 
      
     







   
       
 
 
   
  
     
  
 
      
          





   
   
 
 





   






Equation 3.44: Approximate Solution for a Semi-Infinite Domain 
 
Note that these analytical solutions are for the constant concentration Dirichlet 
boundary condition at z equals zero. If a constant flux Dirichlet boundary condition is 
specified, a much different solution is needed for both the finite and semi-infinite 
domain. Those solutions are also presented in (186). 
 
3.6.5 Fourier and Matrix Stability Analysis  
 
In the case of linear sorption, the relationship for absolute error, ε at node i is the 










     
              
   
   
             






     
              
   
   
             
     
  
   
 
Equation 3.45: Absolute Error  
 
Letting   
         , the above expression is expanded to Equation 3.46. 
Dividing by         , Equation 3.46 reduces to Equation 3.47. Furthermore, substituting 
in Euler’s Formula and trigonometric identities, and letting     
    
   
   and       
  
      
 , Equation 3.47 reduces to Equation 3.48. 
 





     
                                    
   
 
  
                                  





     
                                                   
   
 
  
                                                 
     
   
Equation 3.46: Expanded Absolute Error 
 
Equation 3.48 may be split into an equation for the real terms and an equation for 
the complex terms. The equation for the real terms is given by Equation 3.49. 
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Equation 3.47: Reduced Absolute Error  
 
                                                         
                  
                                                    
                      
Equation 3.48: Substituted and Reduced Absolute Error  
 
      
      
                                                
Equation 3.49: Real Absolute Error  
 
For error to be bounded as τ approaches infinity, Equation 3.50 must be satisfied. 
Substituting Equation 3.50 into Equation 3.49, the equation that must be satisfied for 
stability is given by Equation 3.51. 
 
The equation for the complex terms is given by Equation 3.52, which states that 
stability requirements are always satisfied. Thus, the complex term equation poses no 





                
  
         




      
      
   
Equation 3.50: Bounded Error Requirement  
 




                                            








     
                         
                        
    




Chapter 4: Results and Discussion 
 
The experimental results, as well as a discussion of their significance, are 
provided for each of the methods and experiments described in the previous chapter. 
 
4.1 ISOLATION AND PREPARATION OF SELECTED HYDROPHOBIC BIOPOLYMERS 
 
Presented below are results of the preparation and isolation of cutin from tomato 
peels (CUT), cellulolytic enzyme lignin (CEL) from spruce wood chips, keratin azure 
(KER) from dyed sheep’s wool, and purified keratin azure (KER PUR). 
 
4.1.1 Tomato Peel Cutin 
 
In the first extraction of tomato peels in methanol, the suspension obtained was 
dark amber and produced a significant mass of residue. During a second extraction, the 
solution turned a light yellow color and the amount of residue was significantly lower. A 
total of four more extractions were then performed, for a total of six extractions, with no 
further significant change in suspension color or residue mass upon filtration. The rate of 
recovery of the final tomato peel cutin inside the rotoevaporator during the last 25 
milliliters of solvent was very slow without a rapid stream of air passing over the sample. 
Due to this issue, the last remaining 25 milliliters of trichloromethane solution containing 
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the trichloromethane-soluble tomato peel cutin were concentrated to dryness in a drying 
oven set at 60 degrees Celsius. The cutin obtained was liquid at 60 degrees, and upon 
cooling to room temperature, turned a dark butterscotch color. Figure 4.1 illustrates the 
appearance of tomato peel cutin following preparation and before evaporation of 
moisture in a drying oven. The consistency and texture of the tomato peel cutin upon 
cooling was not quite waxy. Rather, it seemed to exhibit a larger degree of toughness, and 
oftentimes slight brittleness which increased after removal of moisture in a drying oven at 
105 degrees Celsius. This could have been due to a very small amount of deionized water 
residual in the initially obtained cutin, which, after repeated drying, eventually left the 
pores. This residual was not enough to conceivably affect accurate weighing of the cutin 
samples. Since batch tests were carried out in an aqueous environment, water residual 
would also not affect sorption capacity values obtained and therefore the change in color 
was not considered a significant issue in the present study. Approximately 1.9 grams of 
tomato peel cutin were obtained following the trichloromethane extraction of the first 
batch of hydrolyzed residue (first reaction with KOH). A second hydrolysis reaction did 




Figure 4.1: Tomato Peel Cutin 
 
4.1.2 Cellulolytic Enzyme Lignin 
 
Enzyme treatment yielded an insoluble fraction with the consistency, strength, 
color, and texture of clumped sawdust. In an initial attempt at soxhlet extraction of the 
treated wood meal, an extraction solvent consisting of 100 percent concentrated dioxane 
was unsuccessful in dissolving cellulolytic enzyme lignin. A second and third extraction 
of a second and third batch of the treated wool meal, respectively, was much more 
successful, using either a soxhlet apparatus and volumetric flask on a non-heated stir 
plate. Extraction solutions obtained after separation from the wood meal were a 
translucent, light yellow color in each successful batch extraction. However, additional 
precipitates often formed in the boiling flasks when a soxhlet apparatus was used for 
extraction. In such cases, the precipitates were separated from the bulk solution phase by 
filtration using 45 micrometer glass-fiber microfilters. Each batch of treated wood meal 
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was extracted twice, however, solutions obtained from second extractions were never 
concentrated enough to yield significant mass of resinous material after rotoevaporation.  
 
Concentration to dryness of the extraction solutions obtained following the 
successful extractions was carried out under a rapid stream of air, slight vacuum, 55 
degrees Celsius, and a rotovap rotational speed of 45 rounds per minute. Such a method 
yielded a highly concentrated, dark brown material with a resinous consistency that 
hardened somewhat at room temperature. The resinous material presumably contained 
residual solvents resistant to evaporation and cellulolytic enzyme lignin. Solution-State 
Nuclear Magnetic Resonance (SS-NMR) spectroscopic analysis of the resinous material 
revealed that there was a large fraction of oxygenated carbon groups present, which was 
presumed to be from residual dioxane. The sorption capacity of the resinous material for 
naphthalene, phenanthrene, and pyrene was also several orders of magnitude below 
expected values.  
 
The SS-NMR and sorption test results of the resinous material obtained is a strong 
indication that a purification step is absolutely necessary to obtain a usable cellulolytic 
lignin of known purity.  Following purification with deionized water and petroleum ether, 
the cellulolytic enzyme lignin obtained was very fine, powdery, and had a light-tan color 
which did not change significantly following removal of moisture in an oven at 105 
degrees Celsius. Figure 4.2 illustrates the appearance of the cellulolytic enzyme lignin 
following preparation. The first successful batch extraction used approximately 18 grams 
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of treated wood meal and yielded over 100 milligrams of cellulolytic enzyme lignin after 
purification. The second batch extraction used approximately twice the mass of treated 
wood meal, however, the yield was not able to be determined because of partial 
accidental loss of resinous material during the purification step. 
 
 
Figure 4.2: Cellulolytic Enzyme Lignin 
 
4.1.3 Keratin Azure and Purifed Keratin Azure 
 
A first, second, and third extraction of keratin azure in the acidified, aqueous 
pyridine solution yielded filtrates of a dark purple color, a slight burghandy color, and of 
no visible color, respectively.   A lighter blue color of the purified keratin azure fibers 




Figure: 4.3: Keratin Azure and Purified Keratin Azure 
 
4.2 CONSTRUCTION OF HYDROPHOBIC BIOPOLYMER-COATED SAND PRODUCTS 
 
Following the first few minutes of reaction with the alkaline ammonium 
thioglycolate solution, the keratin azure fibers were already noticeably degraded and 
starting to flocculate together, forming semi-solid masses of degraded fibers. In a first 
reduction batch, the fibers were removed at six hours, rinsed, and resuspended in a 100 
percent aqueous solution as described in the previous section for homogenization using a 
food processor. This step was required because of the unsuccessful homogenization of 
the fibers with a mortar and pestle at two hours. The temperature of the reducing solution 
was also allowed to come to equilibrium and remain at 60 degrees Celsius prior to the 
onset of reaction. This immediate heating caused very fast reaction kinetics in the first 
two hours of reaction, causing the copious release of ammonia and hydrogen sulfide gas.  
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The excess hydrogen sulfide and ammonia were safely removed from the gas 
phase inside the glovebox over the course of several additional hours. After six hours, the 
natural decrease in reaction kinetics over time had reduced the rate of gas production and 
the overall concentrations of dangerous gases were easily held constant by the 
sequestration methods. The filtrate from the reduction solution was dark amber with a 
hint of blue after two hours. After six hours, there was a stronger hint of blue; however, 
the solution was dominantly dark brown.  After six hours, the fibers lost all hint of blue 
and turned a dark brown color. This color change could be due to dye being significantly 
removed to the polar phase or otherwise chemically modified so as to change color. After 
18 hours, the filtrate was very light amber with a slight hint of blue.  
 
In a second reduction batch, the fibers were removed at two hours for 
homogenization using a food processor. The temperature of the reducing solution was 
also not allowed to increase above ambient temperature for one hour following the onset 
of reaction. This delayed heating caused reaction kinetics to slow remarkably in the first 
two hours, resulting in no significant hydrogen sulfide or ammonia gas concentrations 
inside the glovebox over the background levels at any time during reaction. The earlier 
homogenization also caused a more rapid release or reaction with dye molecules. Dry 
yield of reduced, beta-enriched keratin product after gravimetric settling and gravity 
filtration was not recorded after either the first or second batches because the retentate 
could not dry in the glovebox.  
 126 
 
Minimal heat was released during the addition of formic acid to the reduced 
keratin product after being removed from the glovebox. The slurry after acidification was 
verified to be at a pH of approximately two using litmus paper. Immediately following 
their addition to sand, the approximately zero percent, approximately 15 percent, and 
approximately 85 percent coated sand product slurries were characterized as described in 
Table 4.1.  The characteristics after 24 and 48 hours in the fume hood were 
approximately similar, and are presented in Table 4.2. The characteristics after 24 and 48 
hours in the drying oven, or 72 and 96 total hours outside of the glovebox, were also 
approximately similar, and are presented in Table 4.3. 
 
Table 4.1: Slurries at Time Zero 
Parameter 
Petri Dish Contents at Time Zero 
No. 1 (~0% sand) No. 2 (~15% sand) No. 3 (~85% sand) 










    
Color Dark brown Dark brown Dark Brown 
Texture Smooth Slightly rough Very rough 
 
The slurry containing the highest mass fractions of sand dried the quickest, and 
upon grinding in a mortar and pestle, produced uniformly sized particles with a similar 
size as the sand used. The approximately 15 percent slurry, upon grinding, yielded  
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Table 4.2: Slurries at 24 and 48 Hours 
Parameter 
Petri Dish Contents After 24 and 48 Hours in Fume Hood 
No. 1 (~0% sand) No. 2 (~15% sand) No. 3 (~85% sand) 






harder particles of 
grit 
Very hard, very 
gritty, feels and 
looks like sand 
particles glued 
together 
    
Color Dark brown Dark brown Brown 
    
Texture Smooth, goopey 
Smooth, goopey 




Table 4.3: Slurries at 72 and 96 Hours 
Parameter 
Petri Dish Contents After 24 Hours in Drying Oven 
No. 1 (~0% sand) No. 2 (~15% sand) No. 3 (~85% sand) 
    
Consistency 




slightly larger than 
sand particles 




slightly larger than 
sand particles 





same size as sand 
particles 
    




    
Texture Smooth Gritty Rough 
 
particle sizes closer to the approximately zero percent coated sand product. After 
purification by boiling in water, a fraction of the sand particles and dried keratin product 
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had separated in the approximately 85 percent coated sand product, suggesting high mass 
fractions of sand may not be able to provide for a stable coating on sand particles using 
the methods in the present study. Also during boiling, a strong ammonia and hydrogen 
sulfide smell was detected, further suggesting that the purification step is absolutely 
necessary to remove toxic residual solvents from the final products. Filtrates from 
purification were colored light salmon after the first boiling. After the final products were 
returned to fresh deionized water for subsequent boilings, no color was noticeable. 
 
Figure 4.4 illustrates the appearance of the hydrophobic biopolymer-coated sand 
products following their preparation. The final dry mass of beta-enriched keratin obtained 
from the two 4.0-5.0 gram batches of keratin azure was just over five grams. Such a 
percent yield may be indicative of roughly 50 percent of the original mass of keratin 
azure being removed to a polar phase during reduction, which presumably is mostly α-
keratin. The remaining keratin product is still dominantly α-keratin, but contains a much 
higher percentage of beta keratin and much fewer dye molecules.  Table 4.4 includes the 
mass of sand added to each petri dish, the final total mass of coated sand products in each 
petri dish, and subsequently the mass fraction of sand for each of the three hydrophobic 
biopolymer-coated sand products contained in the petri dishes using reduced and beta-




Figure 4.4: Hydrophobic Biopolymer-Coated Sand Products 
 
Table 4.4: Yield of Beta-Enriched Keratin Product 
Petri Dish No. Target Mass 
Fraction of 
Sand (gram per 
gram) 
Total mass of 
Sand (grams) 






Sand (gram per 
gram) 
     
1 0 0 2.28 0.00 
2 0.15 0.43 2.8 0.154 
3 0.85 2.88 3.31 0.870 
 
4.3 PHYSICAL AND CHEMICAL CHARACTERIZATION OF SELECTED HYDROPHOBIC 
BIOPOLYMERS AND HYDROPHOBIC BIOPOLYMER-COATED SAND PRODUCTS 
 
Chemical and physical analysis results of hydrophobic biopolymers and 
hydrophobic biopolymer-coated sand products isolated and prepared for use in the 











H spectra and qualitative 
13
C spectra obtained from SS-NMR tests 
are presented in Figure 4.5, Figure 4.6, Figure 4.7, and Figure 4.8. Signal peaks within 
the 
1
H spectra were associated with specific carbon types for tomato peel cutin and 
cellulolytic enzyme lignin as included in Table 4.5 and Table 4.6, respectively.  
 
Noticeably, the spectra for cutin have very little “noise” when compared to the 
spectra for cellulolytic enzyme lignin, which may be attributed to the very high molecular 
weight of cellulolytic enzyme lignin obtained for use in the present study (62). Cutin 
isolated using methods adapted from (40) are mostly monomeric or oligomeric, thus, the 
diversity of carbon groups is relatively low. Cellulolytic enzyme lignin, on the other 
hand, has a much wider array of carbon types present and is already polymeric in the 
form isolated with the methods used in the present study.  Due to such additional 
complexity in the cellulolytic enzyme lignin spectra, association of proton signals with 
specific carbon groups could only be estimated for the tomato peel cutin. The 
13
C spectra 
for cellulolytic enzyme lignin has much better separation between groups of peaks than 
the 
1
H spectra for cellulolytic enzyme lignin, suggesting the importance of obtaining 
quantitative 
13
C NMR spectra for detailed chemical analysis. Accordingly, Table 4.6 is 





H Spectra of Tomato Peel Cutin 
 
Carbon type associations for tomato peel cutin may be simplified even further as 
defined in Table 3.1 by comparing the 
1
H spectra with the 
13
C spectra, and are presented  
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 Figure 4.6: 
13
C Spectra of Tomato Peel Cutin 
 
in Table 4.7. In general, the approximate proportions of key chemical groups or carbon 
type associations matched those of unpurified cutin obtained by (29, 22, 18) 
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 Figure 4.7: 
1
H Spectra of Cellulolytic Enzyme Lignin 
 
reasonably well, and matched a highly purified cutin fraction obtained by (28) very well, 






C Spectra of Cellulolytic Enzyme Lignin 
 
purity. The amorphous paraffinic-C region, accounting for roughly 67 percent of the 















Carbon Group Association 
       
1 -0.007 -3.356 5.2 
N/A N/A 
TMS and Deuterium 
standards 
2 0 0 144 
3 0.006 3.234 5.2 
       
4 0.866 432.793 3 
0.76 0.712 Carbohydrates (C-CH3) 5 0.88 439.87 5.8 
6 0.893 446.582 2.9 
       
7 1.229 614.257 9 
71.75 67.182 




8 1.243 621.274 16.2 
9 1.254 627.07 59.7 
10 1.3 650.013 109.7 
11 1.361 680.155 42.9 
12 1.389 694.433 29.3 
13 1.396 697.606 29 
14 1.43 714.751 47.4 
15 1.443 721.219 39.9 
       
16 1.538 768.995 7.8 
13.97 13.081 
Saturated glassy, 
crystalline paraffinic C 
(polymethylene C) 
17 1.552 775.585 14.2 
18 1.56 779.673 19.4 
19 1.565 782.236 19.4 
20 1.573 786.446 20.7 
21 1.588 793.768 16.8 
22 1.601 800.175 18.7 
23 1.614 807.009 30.1 
24 1.629 814.209 33 

















Carbon Group Association 
       




CH3),  carbonyls from 
esters, nitrogen-containing 
groups, and Aromatic-C-H 
27 2.276 1137.72 6.6 
28 2.287 1143.395 22.5 
29 2.303 1151.022 33 
30 2.306 1152.73 23.7 
31 2.318 1158.771 62.3 
32 2.333 1166.337 81.4 
33 2.348 1173.781 41.8 
       
34 3.315 1656.974 4.6 0.4 0.375 
Ester (RCOO-C-H) and 
ether linkages, 
carbohydrates (-O-CH3 
and H2-H6), and nitrogen-
containing groups 
      
35 3.412 1705.421 7 
0.45 0.421 36 3.415 1707.129 5.8 
37 3.417 1708.228 6.6 
      
38 3.485 1741.97 11.6 0.25 0.234 
39 3.59 1794.628 21.2 3.62 3.390 
      
40 3.629 1813.787 30.3 
3.73 3.493 
41 3.631 1814.946 48 
42 3.642 1820.438 55.6 
43 3.644 1821.536 90.1 
44 3.655 1827.15 30.7 
45 3.657 1828.126 46.2 
      
46 3.667 1832.885 154.8 2.01 1.882 
47 3.724 1861.441 10.9 0.26 0.243 
48 3.79 1894.39 19.6 0.29 0.272 
      
49 4.049 2024.173 4.5 
1 0.936 














Height Area % of Protons 
Carbon Group 
Association 
       
1 0.82 409.42 28.2 
3.84 3.202 
Carbohydrates (C-
CH3) 2 0.852 425.51 33.3 
       
3 1.124 561.09 38.1 
11.67 9.732 
Hydroxyl-C, 
Saturated (non polar) 
rubbery, amorphous 
paraffinic C, R2NH 
4 1.148 573.29 52.3 
5 1.161 579.63 74.8 
6 1.187 592.79 31 
7 1.234 616.45 93.5 
       






9 1.477 737.4 17.7 
10 1.683 840.3 15.5 
       




12 1.904 951.01 11.6 
13 1.904 951.25 -105.7 
14 1.905 951.49 104.7 
15 2.007 1002.22 11.3 
       
16 2.181 1089.03 11.6 




Groups, and O=CH 
17 2.278 1137.79 8.7 
      
18 2.5 1248.75 450 N/A N/A 
19 2.771 1383.59 11.8 1.84 1.534 
 
associated with amorphous paraffinic-C in cutin obtained by (28) from tomato peels. The 
















       
20 3.341 1668.65 937.4 N/A N/A Hydroxyl-C, 
Carbohydrates (O=C-





      
21 3.49 1743.03 55.1 
45.11 37.620 
22 3.744 1869.58 128 
       




24 4.283 2138.79 84 
25 4.287 2140.99 19.4 
       







27 4.75 2371.91 26.1 
28 4.834 2414.1 22.3 
29 5.004 2498.95 15.3 
       
30 5.325 2659.16 15.6 
5.72 4.770 
(RCH=CHR), 
Carbohydrates (H-1 of 
alpha-gly), Vinyllic-C, 
and Phenolic-C 
31 5.45 2721.59 11.7 
       




33 6.752 3372.17 44.3 
34 6.843 3417.29 37.4 
35 6.974 3482.88 35.8 
36 7.149 3570.42 17.1 
       
37 7.423 3707.22 7.3 N/A N/A 
Phenolic-C 
38 8.213 4101.77 7 1 0.834 
39 8.761 4375.36 7.4 
1.49 1.243 Carboxyl-C 
40 8.995 4491.92 7.8 
 
however. This suggests the difference may be attributed to the generally broader peaks in 
1
H spectra with respect to 
13
C spectra, making integration less accurate and analysis more 
 139 
difficult. Alternatively, the crystalline paraffinic-C content may actually be substantially 
lower in the present study than in (28). 
 
Table 4.7: Carbon Type Associations for Tomato Peel Cutin 
Carbon Type 
Percentage of Total Protons Likely 




Amorphous (“rubbery”) Paraffinic-C 



















C tomato peel cutin and cellulolytic enzyme lignin spectra 
matched 
13
C tomato peel cutin and organosolv lignin spectra obtained by (40) and (15) 
very well, respectively. An exception to this correspondence, however, is associated with 
the chloroform and dimethyl sulfoxide peaks within the tomato peel cutin and cellulolytic 
enzyme spectra in the present study, respectively, which are not present in (40) or (15). 
These peaks may be explained by the fact that spectra from (40) and (15) were both 
obtained using solid-state NMR, unlike the solution-state NMR used in the present study. 
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Thus, (40) and (15) do not have peaks associated with the solvent in which the material is 
dissolved.  
 
4.3.2 Elemental Analysis 
 
Total Carbon and Total Nitrogen were determined for tomato peel cutin, 
cellulolytic enzyme lignin, and zero percent coated sand product. Fraction of organic 
carbon was calculated as defined by Equation 3.1 using total carbon as previously 
discussed. Fraction of nitrogen was then calculated from the total nitrogen and total 
sample mass in a similar manner as Equation 3.1 was used to calculate fraction of organic 
carbon. Table 4.8 presents the results obtained as calculated. Total carbon, and 
subsequently the fraction of organic carbon for keratin azure, purified keratin azure, 15.4 
percent coated sand product, and 87 percent coated sand product may be approximated by 
the total carbon content of zero percent coated sand product as previously described in 
Chapter 3. 
 
The fraction of organic carbon obtained for tomato peel cutin, cellulolytic enzyme 
lignin, and zero percent coated sand product are within the range of values one may 
expect from their respective compositions. The fraction of nitrogen, however, of keratin 
from sheep’s wool as estimated from (159) is roughly twice that of the zero percent 
coated sand product. Such a result may be reduced to the conclusion that less nitrogen 
was added to the insoluble keratin fraction by solvents than was taken away from the 
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  Table 4.8: Fraction Organic Carbon and Fraction Nitrogen 
Hydrophobic Biopolymer or 
Hydrophobic Biopolymer-
Coated Sand Product 
Fraction of Organic Carbon, 
fOC (-) 
Fraction of Nitrogen, fN 
(-) 
   
Tomato Peel Cutin 0.694 Non-Detect 
Cellulolytic Enzyme Lignin 0.622 Non-Detect 
0% Coated Sand Product 0.495 0.071 
 
strong alkaline reduction of the keratin azure. The smell of ammonia noted previously 
may not have been exclusively due to the volatilization of solvent during the reduction 
reaction. However, the assumption that the original nitrogen content of the keratin azure 
was roughly double that of zero percent coated sand product may only be confirmed by 
measuring the total nitrogen of keratin azure and purified keratin azure. Reduction was 
most likely not the cause of the nitrogen removal if in fact nitrogen removal occurred as it 
primarily reacts at the cystine linkage sites. Hydrolysis is presumably the cause of 
nitrogen removal, and may additionally improve sorption affinity for hydrophobic 
solutes.  
 
4.3.3 Loss On Ignition  
 
Organic matter content was measured for tomato peel cutin, cellulolytic enzyme 
lignin, purified keratin azure, and zero percent coated sand product by Loss-On-Ignition 
(LOI) and used to calculate the fraction of organic matter as defined by Equation 3.2. 
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Calculation results are presented in Table 4.9. In general, results support the assumption 
that total organic carbon may be approximated by total carbon, but do not validate it.  
 
Table 4.9: Fraction Organic Matter 
Hydrophobic Biopolymer or Hydrophobic 
Biopolymer-Coated Sand Product 
Fraction of Organic Matter, fOM (-) 
  
Tomato peel cutin 0.993±0.004 
Cellulolytic enzyme lignin 0.942±0.024 
Purified keratin azure 0.967±0.007 
0% coated sand product 0.971±0.023 
 
4.3.4 Bulk porosity, Bulk Density, Specific Density, Particle Size Distribution, and 
Estimated Hydraulic Conductivity 
 
Bulk density, specific density, specific weight, and bulk porosity were calculated 
for hydrophobic biopolymer-coated sand products and the industrial/play carbonate sand 
from which each was produced as defined by Equation 3.3, Equation 3.4, Equation 3.5, 
and Equation 3.6, respectively, using the methods previously described in Chapter 3. 
Table 4.10 presents such results.  
 
In general, zero percent coated sand product had very similar physical 
characteristics to 15.4 percent coated sand product, and 87 percent coated sand product 
had very similar physical characteristics to industrial sand alone. The magnitudes of the 
specific and bulk densities generally increase with increasing sand content. There was a 
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Table 4.10: Physical Parameters 
Material 
Bulk Density, 












     
0% Coated Sand 
Product 
0.55 1.283 12590 0.571 
     
15.4% Coated 
Sand Product 
0.353 1.675 16430 0.789 
     
87% Coated Sand 
Product 
1.042 2.71 26590 0.615 
     
Industrial 
Carbonate Sand 
1.381 2.64 25900 0.476 
 
slightly lesser degree of correlation to that trend for the bulk density than the specific 
density, which may indicate that grinding with a ceramic mortar and pestle may not be 
the best way to break up the cured/oxidized coated sand product into granules. The fact 
that there was also separation of sand particles from the coated sand product for the 87 
percent mixture supports this even further.  
 
Particle Size distributions were also obtained for each material, and are presented 
in Figure 4.9. As may be quickly inferred from the particle size distributions, the zero 
percent and 15.4 percent coated sand products had a more uniform, less graded particle 
size distribution in general when compared to the 87 percent coated sand product and 
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sand alone. There is also a general trend of decreasing characteristic particle size, d90, 
with increasing sand content, which was expected. The characteristic particle size for the 
zero percent coated sand product had a very similar characteristic particle size to 15.4 
percent coated sand product (~1.5 millimeters), and 87 percent coated sand product had a 
very similar characteristic particle size to industrial sand alone (~0.6 millimeters). An 
approximation of the intrinsic permeability and Darcy hydraulic conductivity was then 
calculated by Equation 3.7 and Equation 3.9, respectively, with the latter using properties 
for water. Table 4.11 presents the approximate characteristic particle size, intrinsic 
permeability, and Darcy hydraulic conductivity for each material. Darcy hydraulic 



































0% (w/w) Coated Sand 
Product
15.4% Coated Sand 
Product





Table 4.11: Permeability and Hydraulic Conductivity 
Material 
Characteristic 









    
0% Coated Sand 
Product 
1.5 1.47E-09 1.44E-08 
    
15.4% Coated Sand 
Product 
1.5 1.47E-09 1.44E-08 
    
87% Coated Sand 
Product 
0.6 2.35E-10 2.31E-09 
    
Industrial 
Carbonate Sand 
0.6 2.35E-10 2.31E-09 
 
4.4 BATCH KINETICS AND EQUILIBRIUM SORPTION TESTS OF SELECTED 
HYDROPHOBIC BIOPOLYMERS, HYDROPHOBIC BIOPOLYMER- COATED SAND 
PRODUCTS, AND OTHER AMENDMENTS 
 
Figure 4.10, Figure 4.11, Figure 4.12, and Figure 4.13 illustrate batch kinetics test 
results for the sorption of naphthalene, phenanthrene, and pyrene onto tomato peel cutin, 
cellulolytic enzyme lignin, keratin azure, and zero percent coated sand products, 
respectively. As may be inferred from Figure 4.10, 4.11, 4.12, and 4.13, equilibrium is 
achieved in under seven days for all materials. However, 14 days was chosen as the 
conservative time to equilibrium for performance of batch equilibrium studies. 
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Noticeably, a significant peak in the overall magnitude of the equilibrium 
partitioning coefficient, KD, occurred for each of the HOCs onto keratin azure. In 
addition, occurrence of a peak was noticed for naphthalene only onto zero percent coated 
sand product. The cause of the peaks is unknown with the amount of available data. The 
overall magnitude of peak intensity for Naphthalene sorption onto both materials is 
roughly constant with respect to the ratio of the peak height to equilibrium values of KD. 
Peaks in phenanthrene and pyrene sorption disappeared upon removal of a large fraction 
of the α-keratin fraction.  
 
The peaks were not noticed in the sorption of HOCs onto cellulolytic enzyme 
lignin, although there did seem to be a larger degree of unsteadiness in the rate of 
sorption. The sudden and isolated decrease in KD on day 14 for HOC sorption onto 
tomato peel cutin was attributed to an inconsistency in experimental methods isolated to 
that particular batch and not an actual decrease in sorption capacity. In addition to the 
peak effects and the irregularity in the cutin data, perhaps the most interesting result of 
the kinetics tests is the negative equilibrium partitioning coefficient for naphthalene 
sorption onto keratin azure (unpurified). Accompanying the net increase of naphthalene 
in sample bottles was also an increase in the signal peaks of compounds (presumably 
polyaromatic hydrocarbons) with molecular weights between naphthalene and 
phenanthrene, although those data are not shown in this document. Neither the 
naphthalene peak nor the peaks of the higher molecular weight unidentified compounds 
were noticed in the blanks, suggesting naphthalene and other non-specific aromatic 
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compounds were being released from the unpurified keratin azure. Such results confirm 
that the release of non-covalently linked anthraquinone dye molecules, which degrade 
into polyaromatic byproducts in the presence of ultraviolet light, may be significant, as 
previously discussed.      
 
Figure 4.14, Figure 4.15, Figure 4.16, Figure 4.17, Figure 4.18, Figure 4.19, and 
Figure 4.20 illustrate batch equilibrium test results for the sorption of naphthalene, 
phenanthrene, and pyrene onto tomato peel cutin, cellulolytic enzyme lignin, keratin 
azure, purified keratin azure, and coated sand products, respectively. Table 4.12 and 
Table 4.13 present linear and Freundlich model parameters calculated for such results, 
respectively, along with their fraction of organic carbon- and octanol-water partitioning 
coefficient (KOW, liters per kilogram)-normalized values. It should be noted that the R
2
 in 
Table 4.12 and 4.13 represents the correlation coefficient of each respective set of 
batches and should not be confused with the variable R. Also, the values presented in 
Table 4.12 and 4.13 use physical parameters from (187-190) and are calculated as 
defined by Equations 3.11, 3.12, 3.23, and 3.25. KOC values for coated sand products 
were assumed approximately equal to the fraction of organic carbon in the zero percent 
coated sand product multiplied by the mass fraction of prepared hydrophobic biopolymer 
in the coated sand product. This would assume that the mass of organic carbon in the 
carbonate sand (~0.1%) is negligible in relation to the mass of organic carbon in the 
prepared hydrophobic biopolymer. 
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Figure 4.14: Equilibrium Sorption Onto Tomato Peel Cutin 
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Figure 4.15: Equilibrium Sorption Onto Cellulolytic Enzyme Lignin 
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Figure 4.16: Equilibrium Sorption Onto Keratin Azure 
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Figure 4.17: Equilibrium Sorption Onto Purified Keratin Azure 
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Figure 4.18: Equilibrium Sorption Onto 0% Coated Sand Product 
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Figure 4.19: Equilibrium Sorption Onto 15.4% Coated Sand Product 
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Figure 4.20: Equilibrium Sorption Onto 87% Coated Sand Product 
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Table 4.12: Linear Model Parameters 
Compound 
of Interest 
Hydrophobic Biopolymer or 
Hydrophobic Biopolymer-











   
   
 
      
Naphtha-
lene 
Tomato Peel Cutin 913.9 1317 0.995 0.775 
Cellulolytic Enzyme Lignin 452.8 728.0 0.995 0.429 
Keratin Azure N/A N/A N/A N/A 
Purified Keratin Azure 58.02 117.2 0.975 0.069 
0% Coated Sand Product 284.2 574.1 0.986 0.338 
15.4% Coated Sand Product 240.2 573.6 0.989 0.338 
87% Coated Sand Product 30.32 471.2 0.732 0.277 
      
Phenan-
threne 
Tomato Peel Cutin 18500 26660 0.999 0.924 
Cellulolytic Enzyme Lignin 6014 9669 0.953 0.335 
Keratin Azure 851.8 1721 0.994 0.060 
Purified Keratin Azure 583.4 1179 0.979 0.041 
0% Coated Sand Product 4850 9798 0.994 0.340 
15.4% Coated Sand Product 3351 8002 0.974 0.277 
87% Coated Sand Product 181.6 2822 0.886 0.098 
      
Pyrene 
Tomato Peel Cutin 64760 93313 0.871 0.447 
Cellulolytic Enzyme Lignin 24360 39160 0.928 0.187 
Keratin Azure 3622 7317 0.936 0.035 
Purified Keratin Azure 3093 6249 0.935 0.030 
0% Coated Sand Product 12560 25370 0.897 0.121 
15.4% Coated Sand Product 12050 28780 0.956 0.138 
87% Coated Sand Product 736.0 11440 0.760 0.055 
 
With comparison to KOC values of sorption to natural organic matter found in 
(187-190), only cutin is more efficient than natural organic matter at sorbing all three 
PAHs (1.4-2.5 times greater KOC values). Such strong affinity for HOCs is sharply 
contrasted to that of keratinous and cellulolytic enzyme lignin materials, which are much 
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Table 4.13: Freundlich Model Parameters 
Compound 
of Interest 
Hydrophobic Biopolymer or 
Hydrophobic Biopolymer-
Coated Sand Product 












     
Naphtha-
lene 
Tomato Peel Cutin 3.049 1.068 0.976 
Cellulolytic Enzyme Lignin 2.387 0.831 0.893 
Keratin Azure N/A N/A N/A 
Purified Keratin Azure 1.504 0.797 0.895 
0% Coated Sand Product 2.325 0.833 0.978 
15.4% Coated Sand Product 2.209 0.833 0.944 
87% Coated Sand Product 1.009 0.344 0.575 
     
Phenan-
threne 
Tomato Peel Cutin 4.298 1.019 0.996 
Cellulolytic Enzyme Lignin 3.803 0.988 0.970 
Keratin Azure 2.956 1.019 0.995 
Purified Keratin Azure 2.742 0.925 0.993 
0% Coated Sand Product 3.573 0.863 0.997 
15.4% Coated Sand Product 3.473 0.876 0.995 
87% Coated Sand Product 2.097 0.784 0.900 
     
Pyrene 
Tomato Peel Cutin 4.092 0.734 0.937 
Cellulolytic Enzyme Lignin 4.097 0.860 0.943 
Keratin Azure 3.161 0.757 0.996 
Purified Keratin Azure 3.441 0.965 0.977 
0% Coated Sand Product 3.641 0.770 0.967 
15.4% Coated Sand Product 4.009 0.960 0.982 
87% Coated Sand Product 2.400 0.654 0.991 
 
less efficient than natural organic matter. Cutin also shows no correlation of KOW-
normalized KOC to hydrophobicity of sorbate, suggesting no influence of steric hindrance 
on sorption.  Cellulolytic enzyme lignin, on the other hand, as well as each of the 
keratinous materials, shows a general trend of decreasing KOW-normalized KOC values 
with increasing hydrophobicity of the sorbate. Also in general, this trend is more 
pronounced with materials that do not contain sand. This trend suggests that more 
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hydrophobic compounds are possibly more sterically-hindered and will occupy less 
sorption sites than less sterically-hindered compounds of less hydrophobicity. The steric 
hindrance in the cellulolytic enzyme lignin was expected, due to the condensed, 
polyaromatic domains which presumably have a large occurrence of hole-filling sorption 
sites.  
 
In general, the overall KDs for PAH sorption onto tomato peel cutin obtained for 
use in the present study were lower than those for PAH sorption onto highly purified 
cutin fraction obtained by (28) and higher than those for PAH sorption onto less purified 
cutin fractions obtained by (18, 22, 29). Naphthalene and phenanthrene both exhibited C-
type (linear) sorption behavior onto the tomato peel cutin, which emphasizes that the 
dominant mechanism of sorption for these compounds is partitioning into rubbery 
aliphatic domains. Pyrene exhibited very strong specific interaction with the tomato peel 
cutin, as indicated by the relatively small Freundlich n value. This is most likely due to 
specific Van der Waals interactions on the undifferentiated surface (18). It is unlikely that 
the specific site binding is due to the alkyl-O moieties, as these are largely inaccessible to 
PAHs (28). Also, PAHs have no active hydrogen for hydrogen bonding. The aromatic 
content of the tomato peel cutin was below detection limits, and so π-π interactions are 
also not probable. KOC/KOW ratios were as expected for sorption of PAHs onto tomato 
peel cutin. Overall, sorption capacity of tomato peel cutin is roughly the same magnitude 
of typical organoclays with respect to PAHs, suggesting their strong potential for use as 
active capping amendments.   
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Sorption of PAHs onto cellulolytic enzyme lignin exhibited slight non-linearity in 
terms of Freundlich n values, although a high linear correlation was also observed. This 
may suggest specific sorption to condensed, poly-aromatic domains. However, statistical 
analysis is needed for validation of non-linearity. The mechanisms for specific sorption 
would likely be hole-filling and π-π interactions. KOC values and the degree of non-
linearity (Freundlich n) were very similar to those found by (15) for sorption of 
naphthalene, phenanthrene, and pyrene onto organosolv lignin. Sorption of PAHs onto 
keratinous materials was also non-linear in terms of Freundlich n values, while, once 
again, a high linear correlation was observed. The Freundlich n values have no obvious 
correlation between the alpha-keratin content or mass fraction of sand on the degree of 
nonlinearity (Freundlich n). In general, both KOC and KOW-normalized KOC values 
decreased with increasing sand content, suggesting carbonate sand may reduce the 
availability of sorption sites to PAHs, with higher sorbates of higher hydrophobicity 
being affected the most as discussed previously. Sorption capacity increased with 
removal of a fraction of the α-keratin in the coated sand products, as expected. This 
increase may be due to the overall change in polarity of the coated sand products 
compared to the purified keratin azure. Interestingly enough, KOC for sorption of PAHs 
onto keratin azure was higher than that for purified keratin azure, indicating that the dye 
molecules present afforded some affinity for hydrophobic solutes when reacted with 
wool. This is likely attributed to π-π bonding of the PAHs to the anthraquinone domains 
of the dye. Another possible explanation of the effects of dye molecules on sorption is 
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dispersive forces from the dye molecules. Once again, however, more data would need to 
be collected to confirm this. When non-covalently-linked, dye molecules may “gather” 
polar groups into charged “islands,” opening accessibility of the hydrophobic regions to 
PAHs. When dye molecules are not present, the charges “spread out,” blocking a larger 
area of hydrophobic regions to PAHs. At the very least, polarity may not play as large of 
factor in controlling PAH sorption onto dyed, α-dominant keratins as previously thought. 
Leaching of dye molecules was not significant at high concentrations for PAH sorption 
onto keratin azure. Extraction of the non-covalently linked dye molecules significantly 
reduced the leaching of dye molecules, and subsequently the production of naphthalene 
in the water phase, to the point of no observed effects.  
 
Table 4.14 presents sorption results as shown above for hydrophobic biopolymer-
coated sand products when normalized to the fraction of keratinous materials by mass. As 
may be inferred from Table 4.14, sorption capacity per unit mass of keratinous material 
roughly decreases with increasing sand content overall, further supporting the hypothesis 
that carbonate sand limits PAH accessibility to the sorption sites within keratin. 
 
PAH sorption onto other amendments was mostly linear. Figure 4.21 presents 
equilibrium partition coefficients for PAH sorption onto a material containing 75 percent 
(w/w) apatite (North Carolina) and 25 percent (w/w) organoclay (PM-199, CETCO), as 
well as for a material containing 75 percent (w/w) apatite, 20 percent (w/w) organoclay, 
2.5 percent (w/w) guar gum (Coyote Brand, Gum Technologies), and 2.5 percent (w/w) 
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Table 4.14: Keratin-Normalized Sorption Parameters 
Compound 
of Interest 
Hydrophobic Biopolymer or 
Hydrophobic Biopolymer-




















     
Naphtha-
lene 
0% Coated Sand Product 1.00 284.20 211.35 
15.4% Coated Sand Product 0.85 282.59 190.36 
87% Coated Sand Product 0.13 233.23 78.53 
     
Phenan-
threne 
0% Coated Sand Product 1.00 4850.00 3741.11 
15.4% Coated Sand Product 0.85 3942.35 3496.08 
87% Coated Sand Product 0.13 1396.92 961.74 
     
Pyrene 
0% Coated Sand Product 1.00 12558.00 4375.22 
15.4% Coated Sand Product 0.85 14181.18 12011.05 
87% Coated Sand Product 0.13 5661.54 1932.22 
 
xanthan gum (CP Kelco). For the mixture without hydrophilic biopolymers, the resulting 
KD values are less than what one would expect if 100 percent organoclay were used. 
However, the resulting KD values are greater than what one would expect if 25 percent 
organoclay were used (0.25*100 percent organoclay sorption). For the mixture including 
hydrophilic biopolymers, the resulting KD values are slightly lower than the KD values for 
the mixture without, which was expected due to the hydrophilic nature of the 
biopolymers used. Such results emphasize the ineffectiveness of using hydrophilic 




Figure 4.21: Other Amendments 
 
 Table 4.15 presents additional equilibrium partition coefficients for PAH sorption onto 
materials having the following compositions: 
 25 percent (w/w) organoclay (CETCO PM-199), 25 percent (w/w) zeolite 
(Clinoptilotilte), 25 percent (w/w) apatite (North Carolina), and  25 percent (w/w) 
acid-washed sand (Alfa Aesar, 100-350 mesh) 
 25 percent (w/w) organoclay, 50 percent (w/w) zeolite, and 25 percent (w/w) 
acid-washed sand  
 25 percent (w/w) organoclay, and 75 percent (w/w) zeolite  










25% (w/w) organoclay, 75% 
(w/w) apatite
20% (w/w) organoclay, 75% 
(w/w) apatite, 2.5% (w/w) 
guar gum, 2.5% (w/w) 
xanthan gum
log(KD) of Biopolymer Modified 




Table 4.15: Other Amendments 
 
For Mixture No. 2, KD values decrease with a decrease in apatite content and 
increase in zeolite content. Mixture No. three KD values increase slightly from mixture 
No. 2 KD values, which follows from the increase in zeolite content and decrease in acid-
washed sand content. KD values were highest in mixture No. 4, which had the highest 
mass fraction of organoclay. Magnitudes of KD values were relatively close together for 
mixtures one through three, which was expected due to the constant organoclay mass 
fraction. Comparatively, tomato peel cutin would be competitive with respect to sorption 
capacity. 
 
4.5 FEASIBILITY ANALYSIS OF HYDROPHOBIC BIOPOLYMERS AND HYDROPHOBIC 
BIOPOLYMER-COATED SAND PRODUCTS  
 
Mixture 
log KD (log liters per kilogram) 
Naphthalene Phenanthrene Pyrene 
    
25% (w/w) organoclay, 25% (w/w) 
zeolite, 25% (w/w) apatite, 25% (w/w) 
sand 
3.007705114 4.688864568 5.3083 
    
25% (w/w) organoclay, 50% (w/w) 
zeolite,  25% (w/w) sand 
2.984680302 4.671487569 5.2957 
    
25% (w/w) organoclay, 75% (w/w) 
zeolite 
3.004665233 4.680226699 5.3021 
    
50% (w/w) organoclay, 50% (w/w) 
zeolite 
3.372985606 4.97170251 5.4796 
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Results of the feasibility analysis performed on the hydrophobic biopolymers 
following their preparation indicated that keratin azure would necessarily be the most 
likely to succeed at providing low-cost coatings on sand particles due to its zero chemical 
mass requirement for preparation. A qualitative argument was employed to validate such 
results due to several complications which did not allow use of the decision matrix 
method described previously in Chapter 3.  
 
Such an argument begins with the highly variable, extremely complex, and 
sparsely understood chemistry of lignin-carbohydrate solids, as well as the lack of 
sufficiently quantitative studies on reactions involving lignin-carbohydrate matrices. In 
other words, the mass of cellulolytic enzyme required for the preparation of a given mass 
of cellulolytic enzyme lignin cannot be stoichiometrically predicted and generally must 
be grossly over-estimated. In addition, a very large mass of cellulolytic enzymes are 
required to yield only a very small amount of cellulolytic enzyme lignin. Coupled with 
the lack of a high sorption capacity to compensate and a very high cost per kilogram for 
cellulolytic enzymes ($150 per kilogram in USD, Yakult Pharmaceutical, Japan, March 
2010), cellulolytic enzyme lignin was accordingly ruled out as a possible candidate for 
coating sand particles when cellulolytic enzymes are necessarily used.  
 
Purified keratin azure, having a very similar sorption capacity and identical 
exhaustible reagent cost as keratin azure, is much less toxic than keratin azure. Therefore, 
keratin azure was also ruled out as a potential candidate for coating sand particles. 
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Analysis of the feasibility of prepared hydrophobic biopolymers was thus reduced to 
concerning only tomato peel cutin and purified keratin azure. Assuming that all methanol, 
trichloromethane, uncovalently-linked dye molecules, and/or any other highly toxic 
chemical residuals are significantly removed during purification of tomato peel cutin and 
purified keratin azure (drying at elevated temperature, washing, etc), each should have 
comparable RV3 values. In the case where weighting factors are constant for all prepared 
hydrophobic biopolymers and the smallest in magnitude for the environmental stability 
and toxicity term, the feasibility factor for tomato peel cutin and purified keratin azure is 
most markedly varied by the sorption and chemical cost factors.  
 
Equation 3.15 assumes the cost of reagent required to prepare a given mass of 
hydrophobic biopolymer is nonzero and greater than the cost per mass of bulk carbonate 
sand. Both assumptions are not valid for the case of purified keratin azure in bulk form. 
RV2 for keratin azure would be undefined.  However, even in the case where the 
chemical cost per mass of purified keratin azure was as high as bulk carbonate sand, the 
sorption capacity of tomato peel cutin would have to be greater than that of activated 
carbon in order to overcome the small cost of purified keratin azure in the case where 
RV1 and RV2 are equally weighted in the determination of the feasibility factor for each 
hydrophobic biopolymer. Such a sorption capacity was not achieved by the tomato peel 
cutin, and thus keratin azure was chosen for continued study.  
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Although purified keratin azure is technically most feasible, consideration of 
tomato peel cutin as a potential hydrophobic biopolymer for the coating of sand grains is 
not unjustified given the aforementioned difficulties. Tomato peel cutin has a very low 
melting point and, as mentioned previously, has naturally cross-linking abilities, 
requiring no reagents past its initial preparation. Keratin azure, by contrast, requires 
significant reagent material following preparation in order for it to be suitable for coating 
sand grains. Thus, while purified keratin azure may be most feasible when only the cost 
of reagent required to prepare the hydrophobic biopolymer is considered, tomato peel 
cutin may be the most feasible when both the cost of reagent required to prepare the 
hydrophobic biopolymer and the cost of reagent to render the hydrophobic biopolymer 
suitable for coating sand particles is considered.      
 
Following the preparation of coated sand products using the purified keratin 
azure, a decision matrix was populated in order to determine relative industry feasibilities 
of the same as shown in Table 4.16. An analysis of the results is given following the 
rationale for decision matrix formulation. Table 4.17 presents assumed values used in the 
feasibility analysis of hydrophobic biopolymer-coated sand products which were 
considered constant, including ρb,d,sand, UCsand, UCj, log(KD,AC), w1, w2, and w3. For the 
purposes of the present study, UCj was assumed to be roughly constant in order of 
magnitude although it is technically variable depending on the reagent, and was 
subsequently factored out of the denominator in Equation 3.15, making RV2 dependent 
upon one less variable. This was due to the lack of freely available data on bulk chemical 
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or enzyme prices for every reagent used in the present study. Accordingly, Table 4.18  
lists the bulk prices for five “indicative” chemicals for the year 2006 (176).  
 
Table 4.16: Feasibility Analysis 
Hydrophobic 
Biopolymer 
















     
0% Coated 
Sand Product 
0.24 71.74 0.1 72.08 
     
15.4% Coated 
Sand Product 
0.23 131.52 0.08 131.83 
     
87% Coated 
Sand Product 
0.15 265.07 0.01 265.2 
 
Table 4.17: Constant Feasibility Parameters 
Parameter Value Unit 
   
ρb,d,sand 1381 kilograms per cubic meter bulk carbonate sand 
UCsand 0.01 $ (USD) per kilogram carbonate sand 
UCj 1.00 $ (USD) per kilogram prepared hydrophobic biopolymer 
log(KD,AC) 6.15 log(liters per kilogram) 
w1 0.4 - 
w2 0.4 - 
w3 0.2 - 
 
An average of the five chemicals was used as the 1996 cost (USD) of a general 
reagent j per kilogram of hydrophobic biopolymer required, UCj. Following adjustment 
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Table 4.18: ICIS Pricing 
Chemical Approximate Cost, $ USD, per kilogram 
  
Methanol 0.50 
Glacial Acetic Acid 1.10 
Ammonium Hydroxide 0.60 




for an approximate 37% increase in the consumer price index from the year 1996 to the 
year 2009 (191), the constant value for the year 2009 UCj as used in the present study 
was estimated at $1.00 (USD) per kilogram. One hundred times the KOC for sorption of 
phenanthrene onto natural organic matter was used as KD,AC in liters per milligram.  
 
During the alkaline reduction of the keratin, ammonium hydroxide is used in 
order to raise the pH to just below approximately ten. Although the ammonium ion 
performs many additional functions in aqueous keratin suspensions, namely, the swelling 
of the keratin fibers (increases mass transfer), it is not exhaustible and was thus not 
included in the feasibility analysis of the coated sand products. Only one non-exhaustible 
reagent was used in order to estimate the relative cost of chemicals, which was 
ammonium thioglycolate. The number of kilograms of ammonium thioglycolate required 




The reduction of cystine in purified keratin azure is a two-step displacement 
reaction, first between a mercaptan ion, RS-, on a sulfur atom of a cystine group (i), and 
second between a mercapton ion on a sulfur atom of a mixed disulfide (ii), as shown in 
Reaction 4.1 (192). The overall reaction is shown in (iii).  
 
(i) Ker-S-S-Ker     +     RS-H     ↔     Ker-S-S-R     +     Ker-S-H 
+ (ii) Ker-S-S-R     +     RS-H     ↔     R-S-S-R     +     Ker-S-H         
(iii) Ker-S-S-Ker     +     2RS-H     ↔     2Ker-S-H     +     R-S-S-R 
Reaction 4.1: Two-Step Reduction of Disulfide Bonds in Purified Keratin Azure (192) 
 
In Reaction 4.1, Ker-S-S-Ker represents keratin-cystine-keratin, RS-H represents 
mercaptan, Ker-S-S-R represents mixed disulfide, Ker-S-H represents keratin-cysteine, 
and R-S-S-R represents disulfide. In the case the mercaptan is ammonium thioglycolate, 
R equals CH2COO- NH4
+
. As may be inferred from Reaction 4.1, two moles of 
ammonium thioglycolate react with one mole of keratin-cystine-keratin to produce two 
moles keratin-cysteine.   
 
In contrast, the oxidation of cysteine by atmospheric oxygen to reform cystine 
groups may be described by Reaction 4.2, where Ker-S-S-Ker* represents the reformed 
keratin-cystine-keratin group. By analysis of Equation 4.1 and 4.2, it is obvious that two 
moles of Ker-S-H are required to produce one mole of Ker-S-S-Ker*. This corresponds to 
one mole of Ker-S-S-Ker to produce one mole of Ker-S-S-Ker* and two moles of RS-H 
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to produce one mole of Ker-S-S-Ker*. Assuming the molecular weight of Ker-S-S-Ker 
equals approximately the molecular weight of Ker-S-S-Ker *, and also that the chemical 
formula of Ker-S-S-Ker is 2SC2H3NH2COOH (molecular weight equals 240.34 grams 
per mole), 0.91 kilograms of ammonium thioglycolate are then required per kilogram of 
cystine in the prepared hydrophobic biopolymer. Considering the mass fraction of cystine 
in wool keratin is approximately 0.15 (159), such a requirement reduces to 0.14 
kilograms of ammonium thioglycolate per kilogram of prepared hydrophobic biopolymer. 
The number of kilograms of ammonium thioglycolate required per kilogram of 
hydrophobic biopolymer-coated sand product, f1, may then be obtained by multiplying 
0.14 by the number of kilograms of prepared hydrophobic biopolymer per kilogram 
hydrophobic biopolymer-coated sand product.  
 
4Ker-S-H     +     O2     ↔     2Ker-S-S-Ker*     +     2H2O 
Reaction 4.2: Oxidation of Cysteine by Atmospheric Oxygen 
 
Table: 4.19 presents non-constant parameters used to calculate RV1, RV2, and 
RV3, including f1, for each of the hydrophobic biopolymer-coated sand products. The 
calculation of RV1 was performed with respect to the sorption of phenanthrene. In 
addition, the calculation of RV3 assumed that, since each of the coated sand products 
were coated with the same hydrophobic biopolymer, the relative toxicity would be a 
function of the mass fraction of the prepared hydrophobic biopolymer in the hydrophobic 
biopolymer-coated sand product as shown by Equation 4.1. In Equation 4.1, TR equals 
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the dimensionless toxicity rating of the prepared hydrophobic biopolymer between zero 
and one, and fbio equals the number of kilograms of prepared hydrophobic biopolymer per 
kilogram of coated sand product. For the purposes of this study, TR was assumed to be 
roughly equal to 0.5. Although boiling of the coated sand products should remove all 
residual solvents, there is not sufficient data to conclude that all were in fact removed 
from the products prepared in this study. Timmons et al (151) describes human medical 
implants comprised of keratinous materials derived by alkaline reduction using 
ammonium thioglycolate followed by oxidation in air and purification via boiling in 
water. Thus, one may assume that boiling is sufficient for removal of toxicity from the 
final product. However, numerous toxic gases are released in the preparation process, 
which is why a partial degree of toxicity is inherent in the calculations. 
 
Table: 4.19: Non-Constant Feasibility Parameters 
Parameter 
ρb,d (kilograms per 
cubic meter) 
log (KD) log (liters per 
kilogram) 
fj (-) 
    
0% Coated Sand 
Product 
0.55 3.69 0.14 
    
15.4% Coated 
Sand Product 
0.35 3.53 0.12 
    
87% Coated Sand 
Product 





             
Equation 4.1: Calculation of RV3 
 
As may be inferred from Table 4.16, w2RV2 is much greater than one. This was 
due to the fact that the cost of bulk carbonate sand per kilogram is higher than the 
estimated cost of ammonium thioglycolate per kilogram of coated sand product. Such 
results are unsatisfactory for the purposes of appropriately weighting each term in the 
calculation of the feasibility factor. A different standard of normalization is required at 
the very least. Another potential conclusion is that the bulk material cost may actually be 
significant to overall cost of the coated sand products and needs to also be considered. 
While it is less conceivable that the true cost of the coated sand products is less than 
carbonate sand, the feasibility factor calculated in Table 4.16 may still be used to 
compare relative costs of the coated sand products. According to the current values for F, 
the coated sand product with the highest sand content is the most feasible. However, such 
values obviously do not account for reduced sorption capacity.  
 
In addition to the difficulties related to cost normalization, TR values are not 
without a degree of uncertainty with respect to the data that was collected in the present 
study. Wakida et al (193) has investigated the effects of strong degradation and/or 
modification of hair keratin in solvents which use ammonium as a base cation on total 
nitrogen content. Although not always observed, increases in total nitrogen content are 
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conceivable. Such change could also be due to residual solvents trapped or untrapped in 
the structure. With respect to the present study, the total nitrogen content of the zero 
percent coated sand product seems low, however, no total nitrogen was taken for 
comparison of purified keratin azure. The fraction of organic matter in purified keratin 
azure is in fact lower than that of zero percent coated sand product, although not by 
much, which may warrant possible support of the theory that the total nitrogen content of 
keratin was indeed reduced by modification. Manuszak et al (194) includes changes in 
the protein and lipid composition of keratin among the effects of interaction with 
mercaptans, as well as numerous sulfur-containing, amino, and fatty acid residual 
compounds that may or may not be completely removed by boiling in an aqueous 
solution. An interesting piece of data that might be analyzed in parallel to the total 
nitrogen content with respect to changes due to modification of the keratin is total sulfur 
content. Although not tested in this study, such information may prove useful in future 
studies to fully understand the effects of preparation methods on the dyed wool. 
 
The calculations are also not without a few assumptions which need to be stated. 
A first is that during reaction, ammonium thioglycolate is always present in excess in the 
reducing solution with respect to the amount required to cleave the disulfide bonds 
present in any suspended keratin fibers. However, this excess is assumed inexhaustible, 
or able to be used in future reactions and was not included in the calculation of f1.  The 
pH of the reducing solution was also assumed to be approximately ten, and not over 10.4 
(the pKSH of the thiol groups). The excess thioglycolate and high pH (or high redox 
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potential) is required for the rate of reaction to proceed to relative completion within the 
allowed timeframe. If the rate is too low, the amount of prepared hydrophobic 
biopolymer produced per mass of ammonium thioglycolate, and thus the estimated cost 
of required reagent becomes inaccurate. A last assumption is that there is no resistant 
keratin fraction to reduction (not necessarily becoming soluble because thiols do not 
participate in hydrogen bonding), and diffusion of the thioglycolate into the fiber is fast 
and thorough. 
 
4.6 FINITE DIFFERENCE SIMULATION OF THE TRANSPORT OF NAPHTHALENE 
THROUGH A THIN-LAYER CAP COMPRISED OF HYDROPHOBIC BIOPOLYMER-COATED 
SAND PRODUCTS 
 
Numerical solutions for a Darcy velocity of 100 centimeters per day were 
obtained for an industrial sand media (fOC equals 0.01, ε equals 0.2) using time step sizes 
dτ equals 0.0005, dτ equals 0.00005, and dτ equals 0.000005 for grid sizes dδ equals 
0.0033, dδ equals 0.005, dδ equals 0.01, dδ equals 0.02, and dδ equals 0.05. Sorption 
parameters used were for the PAH Naphthalene. The value of the KD for sand was taken 
to be equal to fOCKOC, where KOC is with respect to sorption to natural organic matter, not 
the coated sand products. Values for all other parameters used are presented in Appendix 
A: Finite Difference Model Code in C++. C++ code was written using guidance from 
Press et al (195). All runs were completed in under two minutes on an Intel Core™2 Duo 
T5200 processor (1.60 gigahertz). Results were compared to the analytical solution on a 
semi-infinite domain for simplicity. The exact solution on a finite domain is 
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recommended for future studies, but no comparison was made on the closeness of the 
finite and semi-infinite scale exact solutions in this project.  Figure 4.22 presents 
numerical results and associated error at time τ equals 0.003 for the case with the least 
absolute error at dτ equals 0.00005 and dδ equals 0.0033. 
 
 
Figure 4.22: dτ=0.00005, dδ=0.0033 
 
The dependence of the maximum absolute error upon the grid and time step sizes 
at time τ equals 0.003 are summarized in Figure 4.23 and Figure 4.24. The convergence 
of the absolute error as a function of dδ is presented in Figure 4.25.  
 
The numerical results are satisfactory. The U equals 100 centimeters per day case 


































Figure 4.23: Maximum Error for the dτ=0.00005 and dτ=0.000005 Cases 
 
 






































Figure 4.25: Error Convergence 
 
diffusion curve is difficult to capture numerically and was expected to have the largest  
errors. Therefore, it is reasonable to conclude that the errors obtained in the results of this 
project are on the large end of error to be expected when running Darcy velocities typical 
in natural systems, since a Darcy velocity of 100 centimeters per day is quite large. 
Reducing dδ was most effective in reducing maximum error when dτ equals 0.00005 and 
dτ equals 0.000005. However, dδ equals 0.0033 was the finest grid size that could be 
handled before storage requirements of the coefficient matrix were too large for the 
computer. It is expected that finer grids would produce slightly lower absolute errors for 
























error is starting to converge, so significantly better results are not expected with finer grid 
sizes.   
 
Perhaps the most interesting result is that absolute error increased with decreasing 
dδ for the dτ equals 0.0005 case. There seems to be an optimum time step size between dτ 
equals 0.0005 and dτ equals 0.000005. This is inferred from the divergence of absolute 
error with decreasing dδ at dτ equals 0.0005 and the convergence of absolute error at dτ 
equals 0.000005 to a value higher than that at dτ equals 0.00005 for similar dδs. 
 
At dτ equals 0.000005 and large dδ, no oscillation occurred upstream of the front. 
However, significant overshooting frequently occured as 
  
  
 started to approach zero 
immediately downstream of the front. At these points, negative values of u were 
obtained.  At dτ equals 0.0005, no overshooting occurred downstream of the front, but 
significant oscillation occurred upstream of the front. The front was also much less steep 
than for the other time steps. 
 
Following the error analysis using industrial sand as media, the model was used to 
simulate the transport of naphthalene through a thin cap comprised of zero percent coated 
sand product, using a Darcy velocity of one centimeter per day instead of 100 centimeters 
per day, a grid size of dδ equals 0.0033, and a time step size of dτ equals 0.00005. Such a 
Darcy velocity corresponded to a Peclet number of approximately 48 using the 
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parameters included in Appendix A. Results calculated the time to 10.00 percent 
breakthrough to be approximately 4.9 years and the time to 99.99% saturation to be 
approximately 13.2 years. When the KD of the zero percent coated sand products is 
increased to that of tomato peel cutin, keeping all other parameters constant, the time to 
10.00 percent breakthrough and 99.99 percent saturation becomes 153.1 years and 412.2 
years, respectively, which further emphasizes the potential of cutin to serve as an 
amendment to sand in active capping materials. Figure 4.26 graphically illustrates the 
difference in the concentration profile of naphthalene through zero percent coated sand 
product and naphthalene through zero percent coated sand product using a sorption 
capacity of cutin at time 4.9 years. 
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Chapter 5: Conclusions and Future Work 
 
 Conclusions of the present study are presented in section 5.1, and 




The present study was successful in amending sand grains with a sorptive 
hydrophobic biopolymer coating. Results of the study indicated that prepared 
hydrophobic biopolymers have the potential to reach competitive sorption capacities at 
costs comparable to conventional capping amendments. However, to more accurately 
determine the most feasible of the prepared hydrophobic biopolymers for providing a 
stable, sorptive coating on sand-grains, the costs must be reasonably estimated. These 
costs include those of the required bulk materials and non-exhaustible chemicals for both 
the preparation of the hydrophobic biopolymers and the construction of hydrophobic 
biopolymer-coated sand products. In addition to providing a more appropriate method for 
normalization of reagent cost in the determination of feasibility factors, such 
improvements could determine, for example, that tomato peel cutin is more feasible than 
keratin azure for coating sand particles. Cutin’s low melting point makes inclusion of 
sand particles easy and very inexpensive. An expected difficulty may arise, however, in 
the ability of cutin to form rigid granular shapes after cooling and naturally cross-linking. 
As noted in Chapter 3, cutin becomes harder after repeated heating and cooling cycles at 
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105 degrees Celsius. Such methods may render a cutin-like product with a better ability 
to hold a granular form, although the structure of cutin may be modified slightly. 
 
Results of the study also indicated that cellulolytic enzyme lignin is not a form of 
lignin that would be feasible to amend with sand grains in terms of cost per mass of 
prepared hydrophobic biopolymer, although it has a high sorption capacity in relation to 
more modified lignins. A more hydrophobic source of keratin, such as hen feathers, 
would prove useful to more fully understand the potential of keratin-based materials for 
sorbing HOCs. A further advantage of using a keratin source without pre-reacted dye 
molecules would be the elimination of the cost associated with extracting the non-
covalently linked dye molecules. 
 
Although coated sand products using modified keratin azure were stable at low 
concentrations of sand, the construction methods used in the present study were unable to 
maintain such stability at higher concentrations, as previously mentioned. The result was 
low uniformity of the coatings for higher concentrations of sand.   
 
5.2 RECOMMENDATIONS FOR FUTURE RESEARCH 
 
A more stable and uniform coating might be achieved using an electrostatic bead 
generator, such as the one produced by Nisco Engineering (Zurich, Switzerland) shown 
in Figure 5.1.  
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Figure 5.1: Nisco Electrostatic Bead Generator 
 
An electrostatic bead generator applies an electrostatic potential between a 
conductive, hollow needle feeding a biomaterial solution and a gelling bath consisting of 
a cross-linking agent under continuous stirring. The biomaterial solution is added in drop-
wise fashion to the gelling bath with the aid of the electrostatic potential and an 
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additional rapid stream of air. Capsules are allowed to cross-link for a time in the gelling 
bath or cross-linking solution before they are removed by filtration, washed, and stored. 
The size and shape of the beads formed is very uniform and can be varied by adjusting 
flow rate, voltage, and needle size. Homogeneity of the beads can also be varied by 
adjusting the concentration of the cross-linking solution and the cross-linking agent. 
 
By introducing sand into the biomaterial, beads containing a homogeneous 
mixture of sand and biopolymer are formed. Studies performed by the manufacturer have 
confirmed their use for producing alginate beads for the immobilization of biological 
cells; however, efforts to utilize such technology in our laboratory have been 
unsuccessful. The problem was the difficulty in passing sand particles (100-350 mesh) 
safely through the needle without clogging, even at very low concentrations of sand. To 
pass a sand-biomaterial slurry, a large needle is required, which in turn may require large 
granule, or bead sizes. Larger bead sizes might cause mass transfer limitations with 
respect to the access of the cross-linking agent to the internal domains of the bead. If 
cross-linking is not rapid enough, the beads clump together and/or lose shape easily for 
large bead sizes. Mass transfer limitations may also exist with respect to the diffusion of 
HOCs into sorptive domains of the beads. In either case, further studies should 
incorporate such considerations.       
 
Longevity and stability tests would also be necessary to assess the long-term fate 
of the amendment-biomaterial combinations under a wide variety of environmental 
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conditions. Stability is defined herein as the resistance of the capsules to deformation, 
dissolution, and/or leaching of amendments over time, while longevity is defined as the 
resistance of the capsules to biodegradation. A more thorough and quantitative toxicity 
evaluation of each of the prepared hydrophobic biopolymers and hydrophobic 
biopolymer-coated sand products would also make feasibility analysis more accurate. 
This evaluation could be achieved using chemical analysis techniques to assess in detail 
both the materials and solutions in contact with the materials. Incubation of indicative 
organisms may also be employed in the laboratory to determine dose-response 
relationships.  
 
In addition to further chemical analysis for toxicity screening, analysis of the total 
sulfur, total hydrogen, and total oxygen may prove useful for the analysis of possible 
degradation of keratin under alkaline reduction and re-oxidation in ammonia-based 
solvents. Total hydrogen and total oxygen would also allow the calculation of a polarity 
index for each hydrophobic biopolymer and hydrophobic biopolymer-coated sand 
product for comparison to overall sorption capacities.     
 
Fourier-Transform Infrared (FTIR) spectroscopy may also prove useful in 
assessing specific sorption mechanisms of HOCs to the hydrophobic biopolymers and 
hydrophobic biopolymer-coated sand products. Measurement of specific surface area and 
specific pore size distribution may provide insight into the mechanisms of HOC sorption 
to keratin products. It is appropriate to note, however, that the specific surface area 
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available in the keratin products for different gases such as nitrogen and carbon dioxide 
might be considerably different. Careful attention must be paid to the methods employed 
to obtain specific surface area results. 
 
The modeling portion of the present study was intended to provide insight into 
contaminant transport through a column containing the hydrophobic biopolymer-coated 
sand products, and the simulations were sufficient to do so. However, further 
improvements in the model may be necessary to reduce errors. Economizing the 
coefficient matrix to solve finer grids would achieve this result. It would also be useful to 
obtain error results for diffusion-dominated cases, by investigating lower Darcy velocities 
such as 0.1, 1, and 10 centimeters per day.  
 
It would also be useful to test other contaminants that have different sorption 
parameters, which would change the retardation coefficient. Wall effects can be 
incorporated into the two-dimensional axisymmetric transport equation under the same 
conditions for comparison to the one-dimensional results. For the purposes of having an 
analytical solution for comparison to numerical results, only the linear case was solved in 
the present study. Eventually, however, nonlinear sorption cases may need to be solved. 
In the case of Freundlich sorption to the media, sorption is non-competitive and the range 
of site binding energies present on the surface of the media is large (surface is more 
heterogeneous). WS is not a function of CA,W to the power of one, and therefore a 
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retardation factor may not be factored out of the accumulation term. WS is then given by 
Equation 3.12. 
 
The resulting system would be nonlinear. To solve the nonlinear system, a 
Newton-Raphson iteration method could be employed. The Newton-Raphson method 
seeks to find the roots of the discretized transport equation, or more simply represented 
by Equation 5.1, where CO3, CO4, CO5, and CO6 are operational constants. In Equation 
5.1, n equals the Freundlich parameter n and not the index of the current time step. The 
time step index, n, is replaced with an alternative index N only in Equation 5.1 and later 
in this section, Equation 5.2, which is not to be confused with the variable N.  
 
      
      
         
        
        
        
    
       
      
      
                      
   
Equation 5.1: Newton-Raphson Method 
 
Expansion by Taylor’s Formula gives a more useful version of Equation 5.1, 
which is presented in Equation 5.2, where K is an index representing the current iteration.  
 
The resulting linear set may be solved using an LU decomposition scheme as 
previously described. Appendix B: Newton-Raphson Method presents an algorithm in 
C++ for linearizing a non-linear set, where MAX_ITER is the maximum number of 
iterations specified, and TOLERANCE is the maximum allowable absolute error. 
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Appendix A: Finite Difference Model Code in C++ 
 
//Copyright 2010 Ryan Z. Sitzes 
//--------------------------------------------------------- 
//This program achieves a numerical solution for the 1-D 
//transport equation with linear sorption to porous media 
//and dissolved colloids through a column of finite 
//dimension. A second-order (three-point) central 
//difference approximation is used for the diffusive terms 
//and a second-order (three-point) upwind difference 
//approximation is used for the convective terms. A Crank-
//Nicolson method is used in time. An LU decomposition 











 //GLOBAL VARIABLES 
 //---------------------------------------------------- 
 
 int    n, 
     i,  
     j, 
     k; 
 
const int   N_ZETA=300, //Number of space   
//steps in z-
//direction 
N=N_ZETA+1, //Size of 
//coefficient  
        //matrix and Right- 
        //Hand-Side vector 
N_TAU=1000, //Number of time 
//steps 
     p=2,   //Lower bandwidth 
     q=1;   //Upper bandwidth 
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const double L=15,  //Length of column  
    //(cm) 
     dZETA=(1.0/300.0),  
        //Space step length  
     dTAU=0.00005, //Time step length 
     Pi=3.14159265, 
     k_B=(1.3805*(pow(10.0,-16.0))), 
//Boltzmann's 
//Constant  
        //(g-cm^2/sec^2-K) 
     u_0=1.0,  //u at x=0, t>0 
 
     //-------------------------------- 
//INPUT >> ENVIRONMENTAL 
//PROPERTIES 
     //-------------------------------- 
     T=298,  //Absolute   
        //temperature (K) 
     mu_W=0.01, //Dynamic viscosity  
//of water(g/cm-
//sec)(temperature 
        //dependent) 
U=100, //Darcy velocity 
//(cm/day) 
            
     //-------------------------------- 
     //INPUT >> MEDIA PROPERTIES 
     //-------------------------------- 
NU_b,d=0.2, //Water-filled 
//porosity  
     RHO_b,d=2.65, //Dry bulk density  
        //of media (kg/L) 
            
  
     //-------------------------------- 
//INPUT >> COLLOID PROPERTIES AND 
//CONSTANTS 
     //-------------------------------- 
     RHO_DOC=(pow(10.0,-6.0)), 
        //Concentration of  
        //colloids (kg/L) 
     r_C=(5*(pow(10.0,-6.0))), 
        //Radius of 
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        //colloids (cm) 
           
     //-------------------------------- 
     //INPUT >> CONTAMINANT PROPERTIES 
     //-------------------------------- 
     MW_A=128.2, //Molecular weight  
        //of A (g/mol) 
     K_OW=pow(10.0,3.23), 
        //Octanol-water  
        //partioning 
//coefficient 
//(L/kg) 
            
   
     //-------------------------------- 
     //CALCULATED PARAMETERS 
     //-------------------------------- 
D_A_W=((pow(10.0,-5))*(pow((42.0/ 
MW_A) ,0.6))),     
   //Molecular  
   //diffusion 
        //coefficient of A  
//in water 
//(cm^2/sec) 
     D_Brownian=(k_B*T)/(6*Pi*r_C* 
mu_W), 
        //Brownian  
        //diffusion 
        //coefficient of  
//colloids 
//(cm^2/sec) 






     K_DOC=(K_OW*(pow(10.0,-0.58))), 
        //DOC-water  
        //partitioning 
//coefficient 
//(L/kg) 




        //Dispersivity (cm) 



















     U_eff=((U/86400)/NU_b,d), 
        //Effective Darcy 
        //velocity (cm/s) 
     Pe=((U_eff*L)/D_eff), 
        //Peclet Number (-) 
     CO1=(dTAU*Pe)/(4*dZETA), 
//Operational 
//constant 




 double   a[N][N], 
     b[N], 
     sum, 
     u_n[N], 
     u_n_plus_1[N]; 
 






 //OUTPUT PARAMETERS 
 //---------------------------------------------------- 
 
 myfile << "L(cm)=" << "," << L << "\n";  
 myfile << "T(K)=" << "," << T << "\n";  
 myfile << "mu_W(g/cm-sec)=" << "," << mu_W << "\n";  
 myfile << "U(cm/day)=" << "," << U << "\n"; 
 myfile << "U_eff(cm/s)=" << "," << U_eff << "\n"; 
 myfile << "NU_b,d(-)=" << "," << ETA_W << "\n";  
 myfile << "RHO_b,d(kg/L)=" << "," << RHO_b << "\n";  
 myfile << "ALPHA_D(cm)=" << "," << ALPHA_D << "\n";  
 myfile << "k_B(g-cm^2/sec^2-K)=" << "," << k_B  
  << "\n";  
 myfile << "RHO_DOC(kg/L)=" << "," << RHO_DOC << "\n";  
 myfile << "r_C(cm)=" << "," << r_C << "\n"; 
 myfile << "D_Brownian(cm^2/sec)=" << "," << D_B  
  << "\n"; 
 myfile << "MW_A(g/mol)=" << "," << MW_A << "\n";  
 myfile << "D_A_W(cm^2/sec)=" << "," << D_A_W << "\n"; 
 myfile << "K_OW(L/kg)=" << "," << K_OW << "\n";  
 myfile << "K_DOC(L/kg)=" << "," << K_DOC << "\n";  
 myfile << "K_D(L/kg)=" << "," << K_D << "\n"; 
 myfile << "R_f(-)=" << "," << R_f << "\n";  
 myfile << "R_f_eff(-)=" << "," << R_f_eff << "\n"; 
myfile << "D_overall(cm^2/sec)=" << "," << D_overall  
  << "\n"; 
 myfile << "D_eff (cm^2/sec)=" << "," << D_eff << "\n"; 
 myfile << "Pe(-)=" << "," << Pe << "\n"; 
 myfile << "CO1(-)=" << "," << C << "\n";  
 myfile << "CO2(-)=" << "," << D << "\n";  
 
 //---------------------------------------------------- 
 //INITIAL CONDITION 
 //---------------------------------------------------- 
 
 for(i=0; i<=N_ZETA; i++) 
 { 
  u_n[i]=0; 
  myfile << u_n[i] << ","; 
 } 





 //BEGIN TIME STEPS 
 //---------------------------------------------------- 
 
 for(n=1; n<=N_TAU; n++) 
 { 
  //----------------------------------------------- 
  //COEFFICIENT MATRIX 
  //----------------------------------------------- 
 
  //Set all elements initially to zero: 
  for(i=0; i<=N_ZETA; i++) 
  { 
   for(j=0; j<=N_ZETA; j++) 
   { 
    a[i][j]=0; 
   } 
  } 
 
  //Set the main diagonal element at k=0 to 1 for   
  //the dirichlet boundary condition at ZETA=0: 
  a[0][0]=1; 
    
//Set the k=1 elements on the superdiagonal, main 
//diagonal, and upper subdiagonal using a central 
//differencing scheme for both the diffusive 
//terms and convective terms: 
  a[1][0]=(-CO1-CO2); 
  a[1][1]=(1+(2*CO2)); 
  a[1][2]=(CO1-CO2); 
 
//Set k=2 through k=N_ZETA-1 elements using a 
//central differencing scheme for the diffusive 
//terms and an upwind scheme for the convective 
//terms: 
  for(k=2; k<=(N_ZETA-1); k++) 
  { 
   a[k][k-2]=(CO1); 
   a[k][k-1]=((-4*CO1)-CO2); 
   a[k][k]=(1+(3*CO1)+(2*CO2)); 
   a[k][k+1]=(-CO2); 
  } 
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//Set the upper subdiagonal and main diagonal 
//element at k=Nz using a central differencing 
//scheme for both the diffusive terms and 
//convective terms and set 
//u_n_plus_1[i+1]=u_n_plus_1[i-1] for the 
//Neumann boundary condition: 
  a[N_ZETA][N_ZETA-1]=(-2*CO2); 
  a[N_ZETA][N_ZETA]=(1+(2*CO2)); 
 
  //----------------------------------------------- 
  //RIGHT-HAND-SIDE VECTOR 
  //----------------------------------------------- 
 
//Set the first element at k=0 to the Dirichlet 
//boundary condition at ZETA=0: 
  b[0]=u_0; 
 
//Set the second element at k=1 to the Right-
//Hand-Side corresponding to a central-difference 





//Set elements at k=2 through k=N_ZETA-1 to the 
//Right-Hand-Side corresponding to a central-
//difference approximation scheme for the 
//diffusive terms and an upwind approximation 
//scheme for the convective terms: 
  for(k=2; k<=(N_ZETA-1); k++) 




  } 
 
//Set the second element at k=N_ZETA to the 
//Right-Hand-Side corresponding to a central-
//difference approximation for both the 






  //----------------------------------------------- 
//SOLVE THE LINEAR SET VIA AN LU DECOMPOSITION 
//ALGORITHM 
  //Adapted from: Golub, G.H. and Van Loan, G.F.   
  //Matrix Computations, 3rd Ed. (1996). 
  //----------------------------------------------- 
   
//Decomposition of A into L and U. The entry 
//a[i][j] is overwritten by l[i][j] if i>j and by 
//u[i][j] otherwise 
  for(k=0; k<=N-2; k++) 
  { 
   for(i=k+1; i<=min(k+p,N-1); i++) 
    a[i][k]=a[i][k]/a[k][k]; 
   for(i=k+1; i<=min(k+p,N-1); i++) 
    for(j=k+1; j<=min(k+q,N-1); j++) 
     a[i][j]=a[i][j]-(a[i][k]*a[k][j]); 
  } 
 
  //Forward substitution to solve Ly=b. The entry   
  //b[i] is overwritten by y[i]. 
  for(i=0; i<=N-1; i++) 
  { 
   sum=0; 
   for(j=max(0,i-p); j<=i-1; j++) 
   {  
    sum=sum+(a[i][j]*b[j]); 
   } 
   b[i]=b[i]-sum; 
  } 
 
  //Backward substitution to solve Ux=y. The entry   
  //y[i] is overwritten by x[i]. 
  for(i=N-1; i>=0; i--) 
  { 
   sum=0; 
   for(j=i+1; j<=min(i+q,N-1); j++) 
   { 
    sum=sum+(a[i][j]*b[j]); 
   } 
   b[i]=(b[i]-sum)/a[i][i]; 





  //----------------------------------------------- 
//OUTPUT SOLUTION AT CURRENT TIME STEP AND RESET 
//u_n[k] TO u_n_plus_1[k] 
  //----------------------------------------------- 
  for(k=0; k<=N_ZETA; k++) 
  { 
   u_n_plus_1[k]=b[k]; 
   myfile << u_n_plus_1[k] << ","; 
   u_n[k]=u_n_plus_1[k]; 
  } 
  myfile << "\n"; 
 } 
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Appendix B: Newton-Raphson Method 
 
//Fill initial condition at t=n=0 and set equal to C_n[i] 
 
//Begin time step loop 
for(n=1; n<Nt+1; n++) 
{ 
//Set solution for the first iteration equal to the 
//solution at the previous time step (use previous 
//time step as an initial guess) 
for(i=0; i<Nx+1; i++) 
 { 
  C_n_plus_1_k[i]=C_n[i]; 
 } 
    
 //Begin iteration loop 
 for(k=0; k<MAX_ITER; k++) 
 { 
  //Fill coefficient matrix 
 
  //Fill Right-Hand-Side (RHS)vector 
      
//Solve linear set using an appropriate matrix 
//solver 
    
//Reset solution at current time step and previous 
//iteration to the solution at the current time step 
//and current iteration 
  for(i=0; i<Nx+1; i++) 
  { 
   C_n_plus_1_k[i]=C_n_plus_1_k_plus_1[i]; 
  } 
 }  
 //End iteration loop 
 
 //Test for convergence and output solution 
 for(i=0; i<Nx+1; i++) 
 { 
  if(abs(C_n_plus_1_k_plus_1[i]-C_n_plus_1_k[i])<= 
   TOLERANCE) 
  { 
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   myfile << C_n_plus_1_k_plus_1[i] << ","; 
   u_n[i]=C_n_plus_1_k_plus_1[i]; 
  } 
  else 
  { 
   myfile << "Error: System did not converge” 
      << "to within " << TOLERANCE 
  << " in " << MAX_ITER  
  << " iterations." << ","; 
   break; 
  } 
 } 
 myfile << "\n"; 
} 
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